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Objectives: To investigate the effect of various finishing procedures and repeated firings 
on color stability and translucency of different ceramics. Also, to examine the mechanical 
properties after finishing procedures.  
 
Materials & Methods: Four glass-ceramics were investigated; IPS e.max CAD, IPS e.max 
Press, Celtra Duo, and Celtra Press. For each material 87 disc-shaped specimens, 2 mm in 
thickness and 12 mm in diameter were fabricated. Specimens were divided into 3 groups 
(n=29) as no treatment, polishing, and glazing group.  
Five samples from each group were submitted to 1, 3, and 5 simulated “stain” firings using 
a ceramic furnace according to the manufacturer’s instructions.  
Color coordinates were recorded in the CIE L*a*b* system using an X-rite Ci7600 
spectrophotometer and Vita EasyShade. Color differences relative to the control and 
translucency by contrast ratio were recorded. 
viii 
 The 3-point flexural strength test was performed using an Instron universal testing 
machine. Hardness test was performed using Vickers microhardness and surface roughness 
was measured using a contact profilometer. Data were analyzed using multiple ANOVA 
(α=0.05). 
 
Results: In general, glazed materials showed higher flexural strength than polished and no 
treatment groups. Celtra Duo showed the highest mean Vickers hardness followed by 
e.max CAD, e.max Press then Celtra Press. Surface roughness is lowered significantly 
when the glaze was applied to all materials. The contrast ratio of Celtra Duo is significantly 
lower than e.max CAD, e.max Press, and Celtra Press. Firing cycles displayed a significant 
effect in lowering the translucency of e.max CAD, and in raising the translucency of Celtra 
Duo and Celtra press, but no significant effect on Emax press. Surface treatment showed a 
non-significant effect on contrast ratio in all materials tested. Repeated firing cycles 
significantly affected color change for all materials tested, except for Celtra Duo. Also, 
polishing and glazing significantly affected color change for all tested materials. 
 
Conclusion: Type of material, surface treatments and firing cycles have a significant effect 
on color change and translucency. Surface treatment have a significant effect on the 
mechanical properties of glass ceramics; glazing can improve the flexural strength and 
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CHAPTER 1: INTRODUCTION 
 
Historically, metal-ceramic restorations have been the gold standard in fixed 
prosthodontics. Concerns about metal hypersensitivity, biocompatibility, and lack of 
translucency have led to the increasing popularity of dental ceramic restorative materials. 
Ceramic materials have many advantages over metals, such as superior aesthetics, lower 
thermal conductivity, higher translucency, and light-diffracting properties, and most 
importantly  providing invisible transition of the restorative margin into dental tissues. 1 
In 1903 Land introduced feldspathic porcelain crowns to overcome the esthetic 
disadvantages of metal restorations.2  However, these porcelain crowns were extremely 
brittle, weak, and subjected to failure due to their low flexural strength and poor fitting at 
the margins.1  Over time, several strategies have been developed to improve the strength 
and fit of dental ceramics. One approach is adding filler particles (e.g., leucite) to the glass 
matrix to improve the crystalline structure resulting in an improvement in physical 
properties; a technique referred to as dispersion strengthening. Another method of ceramic 
strengthening is achieved by heat-treating the glass to facilitate the precipitation and 
subsequent growth of crystallites within the glass; a process termed ceraming. Dental 
ceramics produced using the ceraming process are called glass-ceramics. The improvement 





At a microstructural level, all-ceramic restorations may be classified into four main 
categories:4 
1. Glass-based (mainly silica) 
2. Glass-based (mainly silica) with fillers, usually crystalline (typically leucite or a 
different high-fusing glass) 
3. Crystalline-based systems with glass fillers (mainly alumina) 
4. Polycrystalline solids (alumina and zirconia) 
 
Lithium disilicate ceramics are in the second main category of all-ceramic restorations. IPS 
e.max (known formally as Ivoclar Vivadent IPS Empress II) is a classic example of this 
material and has a relatively high flexural strength, appropriate esthetic appearance, and 
high clinical survival rates.5,6,7 Microstructurally, this material is primarily a glass ceramic 
with a 70% crystalline content of lithium disilicate (Li2Si2O5).5 This crystalline content 
begins primarily as lithium metasilicate (Li2SiO3), which is formed as a result of primary 
heat treatment during the manufacturing process. Glass ceramics development has 
continued to further improve their mechanical and optical properties by refining crystal 
structure. 
A zirconia-reinforced lithium silicate ceramic was introduced recently as a new glass-
ceramic. This ceramic is formed by adding »10% of zirconia by weight, in which the 
particles are distributed within the microstructure, resulting in reduced crystal size and 
increased content. The manufacturers of this material claim that the presence of zirconia 
enhances strength without sacrificing lithium disilicate’s esthetic properties.8  
3 
There is little information about the manufacturing process, as well as the microstructure, 
and a limited number of publications discussed this material’s physical and optical 
properties. 
 
1.1 Lithium disilicate ceramics 
 
Lithium disilicate ceramics (Li2Si2O5) were introduced in 1998 when Ivoclar Vivadent 
released the IPS Empress II. This material succeeded the IPS Empress, which was a leucite-
based glass-ceramic, and the newer material’s flexural strength was improved compared to 
its predecessor.2  
In 2004, IPS e.max; Ivoclar Vivadent was introduced to the dental community as an 
improvement to IPS Empress II. Restorations were initially made by using the lost-wax 
technique (pressed ceramic: IPS e.max Press) and then with computer-aided design and 
computer-aided manufacturing (CAD-CAM: IPS e.max CAD) with small variations in 
material properties. The physical properties of lithium disilicate are better than those of 
feldspathic porcelains. 9,10,11  
Lithium disilicate contains 70% refined needle-like crystals embedded in a glassy matrix. 
These crystals play an important role in improving the flexural strength up to 360-400 
MPa.12,13  The Lithium disilicate is supplied in two different crystalline states depending 
on the application. 
The CAD form, (e.max CAD) was manufactured using a pressure casting technique used 
in the glass industry.14 IPS e.max blocks are provided in a “blue” lithium metasilicate 
(Li2SiO3) state with a reported flexural strength of 130 ± 30 MPa.  
4 
Milling is feasible in this state and consequentially subjected to a firing process. This 
process transforms the crystalline structure from lithium metasilicate to lithium disilicate, 
which increases the flexural strength dramatically.15  
The pressable pellets (e.max Press) are supplied in a fully crystallized state. The hot-
pressing technique is based on the viscous flow of the glass-ceramic resulting in decreased 
porosity, increased Weibull modulus, increased flexural strength, and excellent marginal 
fit.16  
Besides the improved flexural strength, Ivoclar Vivadent provides ingots and blocks with 
a wide range of tooth-like shades (A-D), and translucencies (high, medium, low), to mimic 
the natural tooth shade and translucency. Therefore, pressable or machinable lithium 
disilicate has been recommended for fabricating inlays, onlays, veneers, anterior or 
posterior crowns, anterior FPDs, and implant-supported crowns.17   
Some clinical studies have been published concerning clinical survival rates. The 
cumulative survival meta-analysis of layered pressed lithium disilicate single crowns 
reported a 5-year survival rate of 97.8%.18 Using Kaplan-Meier survival curves, a 10- year 
estimated cumulative survival rate of anterior and posterior crowns in function using 
monolithic pressed lithium disilicate was reported to be 96.5%.19 Also, a 10-year clinical 
survival of molar crowns manufactured from e.max CAD was reported to be 83.5%. 20   
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1.2 Zirconia reinforced lithium silicate ceramics (ZLS) 
 
Lithium silicate glass-ceramics are the newest form of glass ceramics introduced in 2013 
for fixed restorative applications. This material is available in the dental market as Celtra 
(Dentsply Sirona) and Suprinity (Vita). The microstructure has been observed by several 
investigators. 21,22,23 
This material consists of lithium metasilicate, lithium disilicate, lithium orthophosphate, 
and zirconia particles between the crystalline phases. The 10% of zirconia by weight (ZrO2) 
was detectable by X-ray diffraction. It is entirely dissolved in the glass phase, decreasing 
the mean crystal size to 1.5 microns, with even finer submicron crystals in between these 
larger ones. 23,21 
In the CAD form (Celtra Duo), fully crystallized blocks have a flexural strength 
comparable to e.max CAD, easier polishability, and slightly higher translucency than 
e.max CAD.  9,24 Hand polishing of this restoration results in 210 MPa, while glazing it in 
porcelain furnace results in 370 MPa. This material is indicated for single-tooth 
restorations: inlays, onlays, veneers, and crowns).25 
However, there is little reported about the pressed form of this material (Celtra Press). 
The manufacturer’s information shows that pressing ingot contains very small plate-like 
crystals initially that transform into a larger needle-shape crystal after the pressing cycle, 
indicating some crystal growth. Only a few clinical evaluations of Celtra Duo could be 
found in the literature. The clinical success rate of indirect ZLS CAD/CAM restorations 
after one year using Kaplan-Meier analysis reported to be 96.7%.26  
6 
A three-year prospective clinical evaluation of chairside fabricated monolithic partial 
crowns composed of ZLS reported a clinical success rate of 98%.27 Further long-term 
clinical studies are needed.  
 
1.3 Biaxial Flexural Strength 
 
Flexural strength of ceramic materials can be tested by either uniaxial (e.g., three or four-
point bending of beams) or biaxial flexural tests (e.g., piston-on-ring, ball-on-ring, piston-
on-three-ball, and ring-on-ring tests).28  
For many years, the three-point bending test was the standard way to measure the strength 
of dental materials. However, the weakness of this approach is its inherent sensitivity to 
flaws and defects near specimen edges.29 In comparison, the biaxial flexural test is less 
sensitive to flaws along the edges since they are not directly loaded. The sample preparation 
is different in both, as the three-point bending test requires beam-shape specimens, while 
the biaxial test is performed with disk-shape specimens. 
For biaxial flexural strength, a thin disk-shape specimen is supported from underneath by 
a ring along the periphery, or multiple ball bearings, or rounded-tip rods that are evenly 
spaced, and distributed in a circular pattern. Then the load is applied to the center of the 
disk from above using a piston. The maximum stress measured at the point of fracture of 
the specimen represents its flexural strength. It is believed that the use of disc specimens 
in biaxial flexural testing represents a surface to volume ratio closer to that of anatomically 
contoured dental crowns than beam specimens. As a result, the impact of specimen 
geometry on the strength values is reduced. 30 
7 
1.4 Color 
1.4.1 Color Systems 
 
Several color systems are available to describe color. One of the widely known systems 
was developed by Albert H. Munsell in the first decade of the 20th century and was named 
after him. Basically, he divided the colors systematically in three-dimensional space based 
on its hue, value, and chroma. Hue, which represents the color family, is illustrated in 
Munsell color space in a horizontal circle and contains five distinct colors: red, yellow, 
green, blue, and purple.  
The value represents the degree of lightness and is illustrated in a vertical axis from black 
(value 0) at the bottom to white (value 10) at the top. Chroma, measured radially outward 
from the center, describes the saturation of the color (Figure 1).31 
Another color system is CIE 1931 XYZ that was initiated by the International Commission 
of Illumination (CIE) after multiple experiments, aiming to quantify the color distribution 
in color space. It was the first system to mathematically link the distributions of 
wavelengths in the electromagnetic visible range, with the physiologically perceived 
colors in human eye.32 
In 1973, the CIE introduced a new color system called CIELAB. Both CIEXYZ and 
CIELAB were hugely influenced by the Munsell color system. CIELAB is a numerical 
description of the color position in 3-dimensional color space, which allows it to present 
an infinite number of possible colors.  
8 
It expresses color as three numerical values, L* for the lightness, a* for the green-red 
spectrum, and b* for the blue yellow color components. CIELAB is commonly used in 
color measuring devises in dentistry such as spectroradiometers and spectrophotometers.33 
 
 
Figure 1: Schematic diagram of the Munsell color system showing a vertical axis for 
value, horizontal circle for hue, and outward extension for chroma. Image from 
Cochrane article. 31 
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1.4.2 Translucency and Contrast Ratio (CR) 
 
Matching of dental restoration to a natural tooth or other existing restoration is challenging. 
Many factors affect the appearance of the dental prosthesis. Its shape, size, texture, color, 
and surface gloss are only examples of these factors. However, the translucency of dental 
ceramics has been emphasized as the primary factor in controlling the esthetic outcome. 
34,35,36 
Translucency has been defined as the relative amount of light transmission or diffuse 
reflectance from a substrate surface through a turbid medium.34 For ceramics,  the amount 
of transmitted and reflected light depends on the crystal amount within the core matrix, the 
chemical nature, and the particle size compared to the incident light wavelength. When the 
particles and the light wavelength have the same size, it will result in the highest scattering 
effect.37  
In the literature, there are two commonly used ways to measure the translucency of dental 
materials; Contrast ratio (CR)36,37 and translucency parameter (TP).38 Contrast ratio was 
first reported for measuring translucency by Powers et al. It is described as the ratio of the 
reflectance from a specimen on a black background to that of the same specimen on a white 
background.39 It can be calculated using the equation: 
CR = Yb / Yw x 100 
in which Yb represents the spectral reflectance of light of the specimen over a black 
background and Yw over a white background. The CR value of a totally transparent 
material is 0, while the value of totally opaque material is 100.40 
10 
The TP is defined as the color difference determined from the L*a*b* values, between a 
uniform thickness of a material over a white and black backing. It is calculated according 
to the equation: 
TP =  [(LB– LW)2  + (aB– aW)2  + (bB– bW)2]1/2 
where L* refers to the brightness, a* to redness to greenness, and b* to yellowness to 
blueness. The subscript w refers to color coordinates CIELAB with the white backing and 
the subscript b refers to those with the black backing.38 
 
1.4.3 Shade Matching 
 
Shade selection for restorative materials has been routinely made by visual assessments 
using commercially available shade guides. However, color perception is very subjective 
and varies among dental practitioners.41 Also, many factors affect this selection method, 
such as lighting source, clinician’s experience, patient’s skin color, the adjacent teeth or 
restorations contour, and the possible metamerism.42 Unfortunately, the currently available 
shade guides do not cover the full range of color found in natural teeth.43,44,45 Instrumental 
color measurement has gained popularity as another method of shade selection because it 
can eliminate the subjectivity and generate reliable results.46,47,48 Devices that have been 
used for this method include: spectrophotometers, spectroradiometer, colorimeter, and 
digital cameras. VITA Easyshade is an intra-oral digital spectrophotometer for chairside 
shade assessment. It uses D65 illuminant for shade matching and has a database of all 
classic and 3D-master shades. Easy handling, the ability for good communication, and its 
availability as a portable device are some advantages.49  
11 
Dozic et al compared the accuracy and precision of five commercially available tooth 
color-measuring devices and found Easyshade to be the most precise one.47  Evaluation of 
published color data shows that, the color space of natural teeth is limited to a narrow range. 
Natural teeth can be classified in three shade groups according to their hue: yellowish 
shades, orange shades, and reddish shades. Furthermore, there are differences in the color 
intensity (chroma) and brightness (value).50,51 Using the color yellow as an example: there 
are stronger and weaker (chroma) as well as lighter and darker yellow shades (value).50,51 
 
1.4.4 Color Difference (ΔE*) 
 
To calculate this color difference (ΔE*), The Commission Internationale de l’Eclairage 
(CIE) -or in English “The International Commission of Illumination”- recommends the use 
of CIELAB color coordinates.52  
Different instruments can be used (such as spectrophotometer and spectroradiometers) to 
measure the color coordinates to provide a numerical description of the color’s position in 
a 3- dimensional color space that agrees with Munsell color spacing.  
Lightness represents by L* color coordinate and ranges from 0 to 100. The a* and b* color 
coordinates has positive and negative axes. The positive axis of a* coordinate represents 
greenness and the negative axis represents redness. The positive axis of b* coordinate 
represents yellowness and the negative axis represents blueness.53 
A color match is achieved when the color difference (ΔE*) between two colors is below 
the perceivable threshold. Delta E represents the numerical distance between two colors.  
 
12 
It can be calculated by the following formula: 
ΔE∗ =  [(ΔL∗)2  +  (Δa∗)2  +  (Δb∗)2]1/2 
if ΔE* between two colors equals 0, that means they perfectly match. Any other value 
means the two colors are different.  
Perceptibility and color difference acceptability in dental materials were evaluated in 
literature since 1991, and ranges as ΔE*ab = 154,55 to ΔE*ab = 3.7.56 Perceptibility defined as 
the recognition of color difference between tooth and a tooth colored dental restoration, 
while the acceptance of this difference is known as acceptability.57 A review publication 
in 2014 concluded that, more than one half of the studies in dental literatures consider ΔE*ab 
=1 as a threshold of perceptibility and one third of the studies refer the threshold as ΔE*ab 
=3.7 at which 50% color difference observers’ acceptability.58  
 
1.5 Repetitive firing cycles effect 
 
Frequent firing is a common process when fabricating ceramic restorations in any lab or 
dental clinic. There are different reasons to perform multiple firing cycles, including glaze 
firing, the addition of color stains and surface characterization, the addition of a veneering 
ceramic, and corrective firing.  
Currently, there are not enough data regarding the change in a material’s color and 
translucency with repetitive firing, although one study demonstrated a change in the L* a* 
b* color coordinates with repetitive firing. The results were darker, more reddish, and 
yellowish color changes in all-ceramic specimens.59  
13 
Another study presented similar results. Increased thickness and repetitive firing cycles 
resulted in color changes and related significantly with the type of material.60 Changes in 
dimensions, color, and Weibull modulus. were detected in zirconia-reinforced lithium 
silicate (ZLS) ceramics with extended glaze firings.61 
Research to date has not yet determined the effect of repeated firing cycles along with 
polishing or glazing on the color stability and translucency of lithium disilicate and ZLS 
materials. 
 
1.6 Polishing and glazing effect 
 
The surface of dental restorative materials needs to be smooth; otherwise, rough surfaces 
act as stress concentration point and reduce flexural strength. Also, there is increased wear 
of the opposing dentition, plaque accumulation,62,63 and reduced esthetic quality of the 
restoration.64 The A smooth surface for dental ceramics can be achieved by polishing and 
glazing. These surface treatments result in the removal of surface microcracks, pores, and 
microscopic flaws. Several polishing kits are available; manufacturer’s instruction should 
be fallowed when these systems are used. Rubber abrasive points, fine particle wheels, and 
strips are examples of polishing instruments.65 
Glazing of dental ceramics is done by the application of a thin coating of uncolored glass 
and heated to the appropriate temperature for a sufficient time. The goal is to provide a 
natural-looking restoration with a smooth surface, wear kind, and resistance to bacterial 
adhesion.65 Several studies are available on the efficiency of various polishing techniques.  
14 
Aurélio et al. found a significant increase in flexural strength with extended glazing time 
in glass-ceramics.61 However, lack of information available on the effect of these finishing 
procedures on color stability, translucency, and mechanical properties of glass-ceramics. 
 
1.7 Statement of problem 
 
Glass-ceramics are one of the most commonly used restorative materials in dental practice. 
The effect of different clinical variables like polishing, glazing, and multiple firing on the 
optical and mechanical properties are lacking. Therefore, it is essential to evaluate those 




To investigate the effect of various finishing procedures and repeated firings on color 
stability and translucency of different glass-ceramics. Also, to examine the differences in 
mechanical properties after these finishing procedures.  
15 
1.9 Objectives   
 
The objectives of this in-vitro study were to: 
1. To evaluate the effect of various finishing procedures on the mechanical properties 
(flexural strength, microhardness, surface roughness) of pressable and machinable 
lithium disilicate, and zirconia-reinforced lithium silicate glass-ceramics. 
2. To evaluate the effect of repeated firing cycles and various finishing procedures 
on the optical properties (contrast ratio and color change) of pressable and 
machinable lithium disilicate, and zirconia-reinforced lithium silicate glass-
ceramics, by measuring the contrast ratio. 
3. Determine the differences in the microstructure of different glass-ceramic. 
 
1.10 Null Hypotheses 
 
1- Finishing procedures have no effect on both glass ceramics’ flexural strength. 
2- Firing cycles have no effect on both glass ceramics’ microhardness. 
3- Finishing procedures have no effect on both glass ceramics’ surface roughness. 
4- Repeated firing cycles have no effect on both glass ceramics’ translucency. 
5- Finishing procedures have no effect on both glass ceramics’ translucency. 
6- Repeated firing cycles have no effect on both glass ceramics’ color change. 
7- Finishing procedures have no effect on both glass ceramics’ color change. 
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CHAPTER 2: MATERIALS AND METHODS 
 
2.1 Materials: 
The materials used in this study were as follow: 
1- Lithium disilicate (Ivoclar Vivadent, Schaan, Liechtenstein) 
a- IPS e.max® CAD. 
b- IPS e.max® Press. 
2- Zirconia-reinforced lithium silicates (Dentsply-Sirona, Charlotte , NC) 
a- Celtra® Duo. 
b- Celtra® Press. 
 Glass Ceramic materials are described in  Table 1. 
3- IPS PressVest Premium Powder and Liquid (Ivoclar Vivadent, Schaan, 
Liechtenstein). 
4- Celtra® Press Phosphate-bonded investment Powder and Liquid (DentsplySirona, 
York, PA). 
5- IPS e.max CAD Crystall Glaze Paste and IPS e.max CAD Crystall Glaze Liquid 
(Ivoclar Vivadent, Schaan, Liechtenstein). 
6- IPS e.max Ceram Glaze Paste and IPS e.max Ceram Glaze Stain Liquid 15ml 
(Ivoclar Vivadent, Schaan, Liechtenstein). 
7- Luster® Twist Polishers (Meisinger, Germany). 
8- 5% hydrofluoric acid gel (Ivoclar Vivadent 531548 IPS Ceramic Etching Gel). 
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2.1.1 IPS e.max CAD 
 
IPS e.max CAD is a lithium disilicate glass-ceramic partially pre-crystallized. This material 
is available as chairside CAD/CAM blocks. It was manufactured using a pressure casting 
technique used in the glass industry.14 IPS e.max CAD blocks are provided in a “blue” 
lithium metasilicate (Li2SiO3) state that is easier to mill. 
18 
 It is subjected to a firing process after milling to be used clinically. The crystallization 
cycle is shown in Table 3 and the stain/glaze cycle in Table 4. This process transforms the 
crystalline structure from lithium metasilicate to lithium disilicate, which increases the 
flexural strength dramatically.15  
The resultant material consists of approximately 70% fine-grain lithium disilicate crystals 
(Li2Si2O5) embedded in a glassy matrix. The chemical composition of IPS e.max CAD is 
described in Table 2, according to the manufacturer’s brochure: 66 
 




SiO2 57.0 - 80.0 
Li2O 11.0 - 19.0 
K2O 0.0 - 13.0 
P2O5 0.0 - 11.0 
ZrO2 0.0 - 8.0 
ZnO 0.0 - 8.0 
Other + Coloring 
Agents 




Figure 2: IPS e.max CAD a lithium disilicate dental ceramic. 
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2.1.2 IPS e.max Press 
 
IPS e.max Press are pressable ingots consisting of lithium disilicate glass-ceramic in a fully 
crystallized state. The hot-pressing technique is based on the viscous flow of glass-
ceramics using the lost-wax technique. The pressing/heating cycle is shown in Table 6. 
The final material consists of approximately 70% fine-grain of lithium disilicate crystals 
(Li2Si2O5) embedded in a glassy matrix. The chemical composition of IPS e.max® Press 
is described in Table 5:, according to the manufacturer’s brochure:68 Stain and glaze Firing 








SiO2 57.0 - 80.0 
Li2O 11.0 - 19.0 
K2O 0.0 - 13.0 
P2O5 0.0 - 11.0 
ZrO2 0.0 - 8.0 
ZnO 0.0 - 8.0 
Other + Coloring 
Agents 
0.0 – 10.0 
 
Figure 3: IPS e.max Press ingots a lithium disilicate dental ceramic. 
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2.1.3 Celtra Duo 
 
Celtra Duo is a zirconia-reinforced lithium silicate ceramic. This material consists of 
lithium metasilicate, lithium disilicate, lithium orthophosphate. In addition, 10% of 
zirconia by weight (ZrO2) is added between the crystalline phases. Unlike e.max CAD, 
Celtra Duo is milled in its fully crystallized tooth-colored state. The chemical composition 
of Celtra Duo is described in Table 8, according to the manufacturer’s brochure: 70 Stain 


















Figure 4: Celtra Duo a zirconia-reinforced lithium silicate 
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2.1.4 Celtra Press 
 
Celtra Press is a zirconia-reinforced lithium silicate ceramic in a pressable form. The 
pressing ingot contains a very small plate-like crystals initially that transform into a larger 
needle- shape crystals after the pressing cycle, indicating some crystal growth. The 
pressing heating cycle is shown in Table 12. The chemical composition of Celtra Press is 
described in Table 11, according to the manufacturer’s brochure:72 Stain and glaze firing 
parameters for Celtra Press are displayed in Table 13, Table 14. 
 














Figure 5: Celtra Press ingots a zirconia-reinforced lithium silicate 
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2.2.1 Sample Preparation  
 
2.2.1.1 Pressing procedure for IPS e.max Press and Celtra press 
 
Two CAD/CAM and two hot-pressed lithium silicate/disilicate glass-ceramics were used 
in this study. Ingots of IPS e.max Press and Celtra Press were prepared for the press firing 
procedure. Two different Investment materials were used according to the material type. 
The phosphate-bonded IPS PressVest Speed investment material (Type 1, Class 2) was 
used according to the manufacturer’s instructions.  
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IPS PressVest Speed investment material is provided in the form of powder and liquid. 
60% concentration of IPS PressVest Speed investment liquid is required. So, for the 200g 
investment ring, 32ml of IPS PressVest Speed investment liquid was mixed with 22ml of 
distilled water according to the manufacturer’s instructions. Two bags of 100g of IPS 
PressVest Speed investment powder were vacuum mixed with diluted (60%) IPS PressVest 
Speed investment liquid for 2.5 minutes. IPS Ring Gauge 200g and the IPS Silicone Ring 
200g were used to secure the investment mix and let it set at room temperature for 30 min 
minimum (Figure 6). After that, the IPS Ring Gauge 200g and IPS Investment Ring Base 
200g was removed by sliding the investment ring from the IPS Silicone Ring 200g. Ingots 
of IPS e.max Press (Ivoclar Vivadent, Schaan, Liechtenstein) were inserted inside the set 
investment.  Ney Vulcan 3-550 oven (Figure 7) was used for heating of the ingot to the 
pressing temperature. The heating cycle starts at 700 °C reaching a temperature of 915 °C 
at a rate of 60°C for 25 minutes (Table 6). Celtra Press Phosphate-bonded investment 
(Dentsply Sirona, York, PA) powder and liquid were mixed according to the 
manufacturer’s instructions. Ring Gauge 200g and the Silicone Ring 200g were used to 
secure the investment mix and let it set at room temperature for 30 min minimum (Figure 
6). After that, Ring Gauge 200g and Investment Ring Base 200g displaced and was 
removed by sliding the investment ring from the Silicone Ring 200g. Ingots of Celtra Press 
(Dentsply Sirona, York, PA) were inserted inside the set investment. Ney Vulcan 3-550 
oven (Figure 7) was used for heating of the ingot to the pressing temperature. The ingot is 
heated to 700 °C first, then the temperature increased up to 860 °C at a rate of 60 (°C/min), 
this temperature is held for 30 minutes. (Table 12).  
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The investment was removed after the end of the pressing firing cycle and left at room 
temperature to cool down for at least 60 minutes according to manufacturer instructions. 
Fired ingots were attached to a mandrel with epoxy glue, weight was applied and left to set 
for 12 hours (Figure 8). 
 
 




Figure 7: Ney Vulcan 3-550 oven used for press firing. 
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Figure 8: Fired ingots attached to a mandrel with epoxy glue, and weight was 
applied. 
 
2.2.1.2 Specimen section 
 
Blocks of lithium disilicate glass-ceramic IPS e.max CAD (Ivoclar Vivadent, Schaan, 
Liechtenstein), and zirconia-reinforced lithium silicate glass ceramics Celtra Duo 
(Dentsply Sirona, York, PA), were core drilled into cylinders using a diamond core drill of 
11.30 mm in diameter using a drill press (Figure 9).  
All the cylinders of IPS e.max CAD and Celtra Duo (11.30 mm in diameter), the press 
fired IPS e.max Press and Celtra Press materials (12 mm in diameter), were sectioned 
into discs of 2 mm in thickness, using the precision saw machine (ISOMET5000, 
Buehler, Lake Bluff, IL) (Figure 10). 
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 Both sides of each disc were finished to a uniform surface with diamond abrasive 
polishing disks, sizes 70, 45, 15, 6, and 1 μm using the EcoMet polishing and grinding 
machine (Buehler, EcoMet. 250 Grinder-Polisher, Product Number: 497250) (Figure 
11). The thickness of the specimens was measured after polishing using a digital caliper 
(Figure 12).  
 
 
Figure 9: Core drilling machine. 
 
 




Figure 11: Grinder-polisher machine. Buehler, EcoMet 250. 
 
 
Figure 12: Digital caliper with thickness of specimen. 
 
2.2.1.3 Surface treatment 
 
Specimens were divided into three groups: no treatment, polished and glazed. To prepare 
the polished group, dry polishing was conducted to one side of the specimens surface 
manually (the side where all tests conducted ), using a clinical dental handpiece with twist 
polishers (LUS05 Luster extra-oral twist porcelain polishing kit, Meisinger USA LLC) 
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(Figure 13), ranging from the green coarse, medium blue, fine pink and finally the extra-
fine yellow. It is used for finishing, eliminating scratches, and smoothening surfaces as 
recommended by the manufacturer. Surfaces were polished at a force of approximately 1 
N with the bur rotating at 15k rpm to obtain a clinically acceptable surface quality. 
Specimens were cleaned with distilled water in the ultrasonic bath, to eliminate any 
remaining residue on the surface, and dried completely. To prepare the glazed group, 
specimens were polished similarly, and thickness was measured after the dry polishing was 
conducted. A small amount of glaze paste and glaze liquid were mixed thoroughly on a 
plastic slab (Table 15), until it reaches a creamy and stringy consistency. Then, the mix 
was applied on the specimen’s surface with a brush to produce a uniform thickness, moving 
from the center toward the outer surface of the specimen until one layer of complete coating 
is achieved, avoiding any thick area. Freshly glazed specimens, five specimens at a time 
were placed on the firing tray, and then it was introduced into the Programat CS furnace 
(Ivoclar Vivadent, Schaan, Liechtenstein) (Figure 14). Finally, the thicknesses of the 
specimens were checked using a digital caliper. The glaze thickness was recorded which 





Figure 13: LUS05 Luster extra-oral twist porcelain polishing kit, Meisinger USA 
LLC. 
 
Table 15: Particular glaze for each ceramic. 
Type of Ceramic Type of Glaze 
IPS e.max CAD 
IPS e.max CAD Crystall glaze paste and liquid (Ivoclar 
Vivadent, Schaan, Liechtenstein) 
IPS e.max Press 
IPS e.max Ceram Glaze paste and liquid (Ivoclar 








2.2.1.4 Firing process 
 
Staining and glazing technique firing protocol was performed using a Programat CS 
Furnace (Figure 14) which used for firing cycles and parameter set according to 
manufacturer’s recommendations for each material (Table 3, Table 4, Table 7, Table 9, 
Table 13). The specimens were allowed to cool at room temperature after the completion 
of the firing cycle. For the biaxial flexural strength and surface roughness tests, one firing 
cycle was performed after glaze application on the glazed group specimens of all materials. 
However, for color testing, repetitive firing cycles were conducted to all groups after the 
baseline measurements, glaze material was applied on the surface of the glazed group 
specimens before each firing cycle. Color values after 1st, 3rd and 5th firing cycles were 
measured (Table 16). 
 
Table 16: Firing process of different materials. 
Material Preparation firing 1st firing cycle 2nd to 5th firing cycle 
EC Table 3 only baseline group  Table 3 
 
Table 4 









Figure 14: Ivoclar Vivadent Programat CS furnace. 
 
2.2.2 Biaxial Flexural Strength 
 
In this study, four materials were used; disk-shape specimens were divided into three 
groups (n=12) according to the finishing procedure (Figure 15). Flexural strength (MPa) 
values were obtained by a three-point flexural strength test using an Instron Universal 
Testing Machine (5566A; Instron, Canton, MA) (Figure 16). The disk specimens with an 
average 2 mm in thickness and 11.30 mm in diameter were supported on three 
symmetrically spaced rounded-tip steel rods (9 mm circle diameter) (Figure 17). The 
crosshead speed for the Instron machine was 0.5mm/min. Thickness and diameter for all 
specimens were measured before each test using a digital caliper (Figure 12). The test was 
performed on the polished and glazed surface side of the specimens. Another twelve 
specimens from each group per each material were subjected to cyclic loading by a 
powered cylinder and an electronic control device (Pober Industries, Waban MA) (Figure 
18). The peak load applied on each specimen represented 40% of the mean fracture load of 
each material for 100,000 cycles at a frequency of 1 Hz.  
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The fatigue peak value for each material were as follows: IPS e.max CAD 443.0 N, IPS 
e.max Press 331.3 N, Celtra Duo 235.5 N, and Celtra Press 280.7 N. The load was applied 
perpendicular to and at the center of the specimen by 6 mm stainless steel balls. After cyclic 
loading was completed, the remaining samples were loaded in the universal testing 
machine under compression at 0.5mm/min until fracture occurred. Flexural strength values 










Figure 16: The Instron Universal Testing Machine. 
 
 




Figure 18: Cyclic loading apparatus, Pober Industries, Waban MA. 
 
2.2.3 Hardness test 
 
A total of eight specimens were prepared. Each material included: one specimen as a 
control and one after five firing cycles. The control specimens are as follows: Celtra Duo 
without firing, IPS e.max CAD after crystallization, e.max Press and, Celtra Press after 
press firing. Specimens from each material were prepared by embedding each one in epoxy 
material in a cylindrical mold and waiting 24 hours for it to set. Then the cylindrical blocks 
were polished with diamond abrasive polishing disks, sizes 70, 45, 15, 6, and 1 μm using 
the EcoMet polishing and grinding machine (Buehler, EcoMet. 250 Grinder-Polisher, 
Product Number: 497250). The microhardness tests were performed according to ISO 6507 
standard with Vickers indenter. The Vickers indentation process was done by measuring 
the diagonal lengths of the indentations on the material surface in micrometers (μm), and 
was used by the instrument’s software to calculate the microhardness values (Vickers 
hardness number, VHN) with Micromet® 2003 Microhardness Tester (Buehler, Lake 
Bluff, Illinois) (Figure 19). The applied load was adjusted to 500 g for the four materials. 
The dwelling time was 15 seconds for all. 
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Ten measurements were made on each sample. The positioning of the indenter was random, 
and not selective, with 0.5 mm distance between indents, clearly large obvious pores was 








Where F is the force applied to the diamond in kilograms-force and A is the surface area 
of the resulting indentation in square millimeters, and d is the average length of the diagonal 
left by the indenter in millimeters. 
 
 
Figure 19: Microhardness Tester (Buehler, Lake Bluff, Illinois). 
 
2.2.4 Surface Roughness Measurements 
 
Twelve specimens of each group of the four materials: no treatment, polished, and glazed 
that were tested for biaxial flexural strength were tested for surface roughness.  
Surface roughness was measured on each sample center using a contact profilometer 
Surftest SJ-201 (Mitutoyo, Kawasaki, Japan), with a diamond stylus of 2 μm.  
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The measuring speed of 0.3 mm/sec was used to determine an average roughness profile 
(Ra) in μm. The profilometer was calibrated before measurements of each group (n=12).  
For each specimen, three measurements were made, and the mean was obtained as the 
parameter (Ra). When the Ra value reduces, the surface becomes smoother. 
 
2.2.5 Color Change (ΔE*) and Contrast Ratio (CR) 
 
Color coordinates CIE L*a*b* and contrast ratio (CR) were measured for 15 specimens 
per each material, five specimens from each group: no treatment/control, polished and 
glazed. (Figure 15). The baseline measurements of each material are as follows: Celtra 
Duo without firing, IPS e.max CAD after crystallization, e.max Press and Celtra Press after 
press firing. Color change (ΔE*) after repetitive firing cycles were calculated relative to the 
baseline of each material according to this equation:  
ΔE∗ =  [(ΔL∗)2  +  (Δa∗)2  +  (Δb∗)2]1/2 
where L* refers to the brightness, a* to redness to greenness, and b* to yellowness to 
blueness.  
After baseline measurements of all specimens, polishing surface treatment was conducted 
to the specimens from the polished and glazed groups. Glaze material was applied on the 
specimens of the glazed group. All specimens including the no-treatment group, five 
specimens at a time, were run through a first firing cycle, using the Programat CS Furnace 
(Figure 14) and left at room temperature to cool down. After the first firing cycle, color 
coordinate and CR of all specimens were re-measured, and color change (ΔE*) relative to 
the baseline of each material was calculated.  
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Afterward, a third firing cycle was subjected to all materials groups, color coordinate and 
contrast ratios were also recorded, and ΔE* was calculated relative to the baseline. This 
process was repeated to the fifth firing cycle. Measurements were performed on the 
polished and glazed surface side of the specimens  using a spectrophotometer (Ci7600, X- 
Rite Inc., Grand Rapids, MI) (Figure 20) and the portable digital spectrophotometer (Vita 
EasyShade V) (Figure 22) for the baseline measurements and after 1st, 3rd and 5th firing 
cycle.  
 
X- Rite Ci7600 Spectrophotometer  
 
The X- Rite spectrophotometer (Figure 20) was calibrated according to the manufacturer’s 
instructions before data acquisition. The calibration process involved the use of a standard 
white tile and a standard black light trap (Figure 21). Each specimen was measured twice 
against a white background and twice against black background for opacity CR, and 
measured twice against black background for color coordinates, then the average of the 
readings was recorded using color measurement software (Color iControl). The setting 
included the use of corrected standard temperature, 6 mm viewport opening, 10Å standard 
observation angle, as well as D65 standard illumination source (as defined by the 
International Commission on Illumination) that corresponds to average daylight. The 
contrast ratio values were calculated by the software (Color iControl). The results were 
recorded and saved in an Excel sheet.  
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Vita EasyShade V 
 
Shade measurement and color coordinates of all specimens was performed using a portable 
digital spectrophotometer (Vita EasyShade V) (Figure 22). An automatic calibration is 
performed in this device and carried out by placing the instrument in the calibration block 
holder, so the probe tip is perpendicular to the calibration block, and reading are taken of 
the calibration block. The device was used in the “Tooth Single” mode to determine the 
shade in both classic and 3D-master shade guide systems. Each specimen was measured 
three consecutive times against a black background and the repeated result was recorded. 
The probe tip of the device was centrally and perpendicularly placed in full contact with 
each specimen's surface until a confirmation beep was heard. The average measurement 
for each specimen was calculated, and the shade value was recorded and saved in an Excel 
sheet. 
 




Figure 21: Calibration of spectrophotometer with white tile (right) and black trap. 
(left) 
 
Figure 22: Vita EasyShade V shade selecting spectrophotometer. 
 
2.2.6 Microstructure Analysis 
 
In order to qualitatively evaluate the effect of firing cycles, two specimens from each group 
were selected to be evaluated under SEM (Field Emission Variable Pressure Analytic 
Scanning Electron Microscope FESEM-VP- Hitachi SU6600 with Oxford Instrument 
AZtec X-Max 50 SDD Energy Dispersive Spectrometer, Hitachi High Tech, Oxford 
Instruments) (Figure 23). The selected specimens were prepared by etching of e.max CAD 
and e.max Press, Celtra Duo and Celtra. Press with 5% hydrofluoric acid gel (Ivoclar 
Vivadent 531548 IPS Ceramic Etching Gel) for 30 seconds.  
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The specimens were then cleaned ultrasonically with ethanol for 2 minutes (Fisher 
Scientific, Pittsburgh, PA) and left to dry overnight. Finally, the specimens were placed in 
a vacuum sputter for gold-palladium coating, then evaluated under the SEM. SEM images 
were imported into image processing software (ImageJ 1.52K, National Institute of Health, 
USA). The average grain size of each specimen and the number of crystals per area were 
recorded. 
 
    




2.2.7 Statistical Analysis 
 
Descriptive statistics were expressed as mean, standard deviation (SD), and coefficient of 
variance (COV). The outcome measured were biaxial flexural strength, color change and 
contrast ratio, which fall into the continuous scale. The independent variables were material 
type, finishing procedure, and cyclic fatigue for the biaxial flexural strength test (BFS). 
Variables also included repetitive firing for the color change ΔE* and contrast ratio (CR) 
tests. To analyze the effect of more than two variables on the outcome, Multi-way analysis 
of variance (ANOVA) mode was used. Pairwise comparisons among the groups were 
conducted using a Tukey-Kramer HSD test (α=0.05). All statistical analyses were 




CHAPTER 3: RESULTS 
 
3.1 Biaxial Flexural Strength 
 
In this section, the biaxial flexural strength of Lithium disilicate ceramics IPS e.max CAD, 
IPS e.max Press and zirconia-reinforced lithium silicate ceramic Celtra Duo and Celtra 
Press were determined. The objective was to evaluate the effect of surface treatment and 
cyclic fatigue on the flexural strengths of all four materials. Surface treatment included 
polishing and glazing. Cyclic fatigue was performed under 40% of the static failure load 
for 100,000 cycles. 
 
3.1.1 Least Squares Means Model Analysis 
 
Means, standard deviations, and coefficient of variances of Lithium disilicate ceramics IPS 
e.max CAD (EC), IPS e.max Press (EP) and zirconia-reinforced lithium silicate ceramic 
Celtra Duo (CD) and Celtra Press (CP) flexural strengths in different surface treatment and 
fatigue status are displayed in Table 17 and Figure 24.  
The highest mean flexural strength was for IPS e.max CAD static and fatigue samples after 
glazing (571.42 ± 45.76 MPa) and (569.92 ± 63.06 MPa) respectively. The lowest flexural 
strength was for Celtra Duo, static no treatment group (212.19 ± 23.35 MPa). 
Factorial ANOVA was used to evaluate the effect of surface treatment and cyclic loading 
fatigue on the flexural strength of all materials, which detected a significant effect in at 
least one variable (Table 18). 
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Table 19 shows variables that had an effect on flexural strength. Variables were sorted 
according to p-values, and LogWorth, which is the -log10(p-value), indicating the level of 
significance. Highly significant p-values have large LogWorths. The material variable 
showed the most significant effect with a p-value LogWorth of 76.35. The surface 
treatment variable showed a LogWorth of 12.79, which shows a dramatically significant 
effect. The interaction between surface treatment and materials was significant (p 
=.00002). Maximum desirability for flexural strength was analyzed to identify the 
combination of independent variables resulting in the most optimum outcome. Maximum 
desirability was showed with glazed IPS e.max CAD after cyclic fatigue (0.81) (Figure 
25). When evaluating data according to material, all groups had significant differences in 
strength; IPS e.max CAD showed the highest flexural strength a followed by IPS e.max 
Press, then Celtra Press, then Celtra Duo (p<.0001) (Table 20, Figure 26).  
After evaluating the pooled data according to surface treatment, the glazed group was 
significantly higher than polished and control groups (p<.0001); however, the polished 
group was not significantly different from the control (p=0.4667) (Table 21, Figure 27).  
Table 22 and Figure 28 show multiple flexural strength comparisons of different 
materials and surface treatment. IPS e.max CAD after glazing was the highest and 
significantly different from e.max Press, Celtra Duo, and Celtra Press after the same 
surface treatment (p<.0001). However, Celtra Duo after glazing, was not significantly 







Cyclic fatigue resulted in significantly higher biaxial flexural strength than the static one 
of the polished groups of IPS e.max CAD and glazed groups of Celtra Duo. However, in 
the e.max press and Celtra Press, no significant difference in biaxial flexural strength was 
detected after cyclic fatigue. (Table 23, Figure 29). 
Interestingly, some failures were recorded during the cyclic fatigue test, five samples of 
the control, and six samples of the polished group of Celtra Duo were fractured during 
cyclic fatigue. In addition, two samples of the polished group of Celtra Press did not 
survive. However, all samples of IPS e.max CAD and IPS e.max Press survived during 
cyclic fatigue testing. 
According to this experiment, the null hypothesis (H0) regarding the effect of surface 
treatment on flexural strength was rejected. Surface treatment caused a significant change 
in the flexural strength within each group of material. 
The null hypothesis (H0) regarding the effect of cyclic fatigue on flexural strength was 
partially rejected. Cyclic fatigue caused a significant change in the flexural strength of all 












Figure 24: Flexural strength means and standard deviations for different materials, surface treatment and fatigue status.  
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Table 17: Mean, standard deviation and coefficient of variance for different materials’ flexural strengths with different 
surface treatments and fatigue status. 







Cycle N Mean Std Dev CV Y N N Mean Std Dev 
EC 
Control 
Fatigued 40 100 k 12 520.13 37.32 7.17 12 0 0 - - 
Static 0 0 12 455.32 73.56 16.16 12 0 11 0.728 0.183 
Polished 
Fatigued 40 100 k 12 538.06 38.70 7.19 12 0 0 - - 
Static 0 0 12 458.12 57.41 12.53 12 0 12 0.443 0.079 
Glazed 
Fatigued 40 100 k 12 571.42 45.76 8.01 12 0 0 - - 
Static 0 0 12 569.92 63.06 11.06 12 0 12 0.194 0.054 
EP 
Control 
Fatigued 40 100 k 12 403.50 71.96 17.83 12 0 0 - - 
Static 0 0  12 433.94 106.86 24.63 12 0 12 0.289 0.083 
Polished 
Fatigued 40 100 k 12 333.36 110.58 33.17 12 0 0 - - 
Static 0 0 12 316.80 68.70 21.69 12 0 12 0.296 0.176 
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Glazed 
Fatigued 40 100 k  12 482.10 140.66 29.18 12 0 0 - - 
Static 0 0 12 413.43 47.73 11.54 12 0 12 0.346 0.139 
CD 
Control 
Fatigued 40 100 k 12 231.01 25.25 10.93 12 5 0 - - 
Static 0 0 12 212.19 23.35 11.01 12 0 12 0.955 0.171 
Polished 
Fatigued 40 100 k 12 240.33 35.31 14.66 12 6 0 - - 
Static 0 0 12 212.50 19.44 9.15 12 0 12 0.433 0.150 
Glazed 
Fatigued 40 100 k 12 327.17 56.23 17.19 12 0 0 - - 
Static 0 0 12 280.33 33.02 11.78 12 0 12 0.330 0.112 
CP 
Control 
Fatigued 40 100 k 12 233.51 88.12 37.74 12 0 0 - - 
Static 0 0 12 288.65 47.35 16.40 12 0 12 0.742 0.321 
Polished 
Fatigued 40 100 k 12 304.09 44.84 14.74 12 2 0 - - 
Static 0 0 12 282.66 58.99 20.87 12 0 12 0.173 0.088 
Glazed 
Fatigued 40 100 k 12 304.27 40.99 13.47 12 0 0 - - 
Static 0 0 12 310.51 63.32 20.39 18 0 18 0.089 0.029 
 EC= IPS e.max CAD, EP= IPS e.max Press, CD=Celtra Duo, CP= Celtra Press.
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Table 18: Factorial ANOVA for the whole model flexural strength. 
Source DF Sum of Squares Mean Square F Ratio 
Model 17 3677798.6 216341 49.8350 
Error 276 1198155.9 4341 Prob > F 
C. Total 293 4875954.5  <.0001* 
 
Table 19: Variables effect on the biaxial flexural strength. 
Source LogWorth PValue 
Material 76.353 0.00001 
Surface Treatment 12.795 0.00001 
Surface Treatment *Material 4.787 0.00002 
Fatigue 2.166 0.00683 
Material*Fatigue 1.429 0.03726 














Table 20: Least Squares Means of flexural strength for different materials including 
all surface treatments and fatigue groups. 
Material Sig.Level* Least Sq Mean 
Emax CAD A    518.82 
Emax Press  B   397.70 
Celtra Press   C  287.28 
Celtra Duo    D 250.68 
*Levels not connected by the same letter are significantly different. 
 
 
Figure 26: Least Square Means Plot of flexural strength for all materials including 




Table 21: Least Square Means of flexural strength of different surface treatments  
including all materials and fatigue groups. 
 
Surface treatment Sig. Level* Least Sq Mean 
Glazed A  407.39 
Control  B 347.28 
Polished  B 336.19 






Figure 27: Least Square Means Plot of flexural strength vs. surface treatment 




Table 22: Multiple flexural strength comparisons for different materials and surface 
treatments. 
Surface Treatment*Material Significance Level* Least Sq Mean 
Glazed, EC A      570.67 
Polished, EC  B     498.09 
Control, EC  B     487.72 
Glazed, EP  B C    447.76 
Control, EP   C    418.72 
Polished, EP    D   326.63 
Glazed, CP    D E  307.38 
Glazed, CD    D E  303.74 
Polished, CP    D E  293.37 
Control, CP     E F 261.08 
Polished, CD      F 226.69 
Control, CD      F 221.59 
*Levels not connected by the same letter are significantly different. 




Figure 28: A graph representing flexural strength for different materials vs. surface 
treatment. 
Table 23: Effect of cyclic fatigue on flexural strength for different materials. 
Material*Fatigue status Sig. Level* Least Sq Mean 
EC, Fatigued A     543.20 
EC, Static  B    494.45 
EP, Fatigued   C   406.32 
EP, Static   C   389.09 
CP, Static    D  293.94 
CP, Fatigued    D E 280.62 
CD, Fatigued    D E 266.35 
CD, Static     E 235.00 
*Levels not connected by the same letter are significantly different.  














According to Table 19, the material variable showed the most significant effect with a 
LogWorth of 76.35. Therefore, an analysis of each material was made. 
 
3.1.2 IPS e.max CAD Biaxial Flexural Strength  
 
Means and standard deviations of IPS e.max CAD biaxial flexural strengths in different 
surface treatment and fatigue status are displayed in Figure 30. The highest mean flexural 
strength was for fatigue samples after glazing (571.42 ± 45.76 MPa), the lowest flexural 
strength was for static no-treatment group (455.31 ± 73.56 MPa).  
Table 24 show variables that had an effect on flexural strength IPS e.max CAD. The 
surface treatment variable showed the most significant effect with a LogWorth of 5.854 
The cyclic fatigue variable showed a LogWorth of 3.515, which shows a significant effect. 
The interaction between surface treatment and cyclic fatigue was significant (p =0.035). 
The glazed group showed significantly higher biaxial flexural strength than polished and 
control groups (p<.0001); however, the polished group was not significantly different from 
the control (p=0.7863) (Table 25, Figure 31). When comparing biaxial flexural strength 
results of e.max CAD specimens before and after 100,000 cyclic fatigue, in general, biaxial 
flexural strength is significantly higher in fatigued specimens than the static ones 
(p=0.0003*) (Table 26, Figure 32). However, this difference is only significant in the 








Table 24: Variables effect on flexural strength for IPS e.max CAD. 
Source LogWorth PValue 
Surface treatment 5.854 0.00001 
Fatigue 3.515 0.00031 
Surface treatment Fatigue 1.456 0.03503 
 
Table 25: Flexural strength comparisons of different surface treatment for IPS 
e.max CAD. 
Surface treatment Sig. Level* Least Sq Mean 
Glazed A  570.67 
Polished  B 498.09 
Control  B 487.72 




Figure 31: Least Squares Means Plot of flexural strength vs. surface treatment for 
IPS e.max CAD. 
 
Table 26: Flexural strength comparisons of different fatigue status for IPS e.max 
CAD. 
Fatigue status Sig. Level* Least Sq Mean 
Fatigued A  543.20 
Static  B 494.45 





Figure 32: Least Squares Means Plot of flexural strength of fatigue vs. static for IPS 
e.max CAD. 
 
Table 27: Multiple flexural strength comparisons of different surface treatment and 
fatigue status for IPS e.max CAD. 
Surface treatment* Fatigue status Sig.Level* Least Sq Mean 
Glazed, Fatigued A  571.42 
Glazed, Static A  569.91 
Polished, Fatigued A  538.05 
Control, Fatigued A B 520.13 
Polished, Static  B 458.12 
Control, Static  B 455.31 




Figure 33: A graph representing flexural strength of fatigue vs. static and surface 
treatments for IPS e.max CAD. 
 
3.1.3 IPS e.max Press Biaxial Flexural Strength  
 
Means and standard deviations of IPS e.max Press biaxial flexural strengths in different 
surface treatment and fatigue status are displayed in Figure 34. The highest mean flexural 
strength was for fatigue samples after glazing (482.10 ± 140.66 MPa). The lowest flexural 
strength was for the static polished group (316.80 ± 68.70 MPa).  
Table 28 show variables that had an effect on flexural strength IPS e.max Press. The 
surface treatment variable showed a significant effect (p=0.00002). However, the cyclic 
fatigue variable and the interaction between surface treatment and cyclic fatigue shows a 
non-significant effect p =0.400 and p =0.197, respectively. 
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The glazed group shows the highest biaxial flexural strength and significantly different 
than the polished group (p<.0001); however, there is no significant difference in biaxial 
flexural strength between the control and glazed groups(p=0.5373) ( Table 29, Figure 35). 
Table 30 and Figure 36, show no significant difference in the biaxial flexural strength of 
e.max Press specimens before and after 100,000 cyclic fatigue (p=0.4006).  
Although results show that biaxial flexural strength after cyclic fatigue increased in the 
polished and glazed groups, and decreased in the control group, there is no significant 
difference in biaxial flexural strength between fatigued and non-fatigued specimens in all 




Figure 34: Flexural strength’s means and standard deviations for IPS e.max Press with surface treatment and fatigue status.
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Table 28: Variables effect on flexural strength for IPS e.max Press. 
Source LogWorth PValue 
Surface Treatment 4.632 0.00002 
Surface Treatment *Fatigue 0.705 0.19742 
Fatigue 0.397 0.40057 
 
Table 29: Flexural strength comparisons of different surface treatment for IPS 
e.max Press. 
Surface Treatment Sig. Level* Least Sq Mean 
Glazed A  447.76 
Control A  418.72 
Polished  B 325.08 




Figure 35: Least Squares Means Plot of flexural strength vs. surface treatment for 
IPS e.max Press. 
 
Table 30: Flexural strength comparisons of different fatigue status for IPS e.max 
Press. 
Fatigue status Sig.* Least Sq Mean 
Fatigued A 406.32 
Static A 388.05 




Figure 36: Least Squares Means Plot of flexural strength of fatigue vs. static for IPS 
e.max Press. 
 
Table 31: Multiple flexural strength comparisons of different surface treatment and 
fatigue status for IPS e.max Press. 
Surface treatment* Fatigue status Sig.Level* Least Sq Mean 
Glazed, Fatigued A   482.10 
Control, Static A B  433.94 
Glazed, Static A B C 413.43 
Control, Fatigued A B C 403.49 
Polished, Fatigued  B C 333.36 
Polished, Static   C 316.80 




Figure 37: A graph representing flexural strength of fatigue vs. static and surface 
treatment for IPS e.max Press. 
 
3.1.4 Celtra Duo Biaxial Flexural Strength  
 
Means and standard deviations of Celtra Duo biaxial flexural strengths in different surface 
treatment and fatigue status are displayed in Figure 38. The highest mean flexural strength 
was for fatigue samples after glazing (327.16 ± 56.23 MPa). The lowest flexural strength 
was for static no treatment group (212.18 ± 23.356 MPa). 
Table 32, show variables that had an effect on flexural strength of Celtra Duo. The surface 
treatment variable showed the most significant effect with a LogWorth of 11.997. The 
cyclic fatigue variable showed a LogWorth of 3.610, which shows a significant effect. The 
interaction between surface treatment and cyclic fatigue was not significant (p =0.361). 
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 Similar to IPS e.max CAD, Celtra Duo glaze group show significantly higher biaxial 
flexural strength than polished and control groups (p<.0001); however, the polished group 
was not significantly different from the control (p=0.8645) (Table 33, Figure 39). 
Table 34 demonstrate the biaxial flexural strength results of Celtra Duo specimens before 
and after 100,000 cyclic fatigue. In general, fatigued specimens show a significant increase 
in biaxial flexural strength than the static (p=0.0002*) (Table 34, Figure 40).  
However, this difference is only significant in the glazed group but neither in the polished 
nor in the control groups (p>0.05) (Table 35, Figure 41). Interestingly, some failures were 
recorded during the cyclic fatigue test, five samples of the control and six samples of the 








Table 32: Variables effect on flexural strength for Celtra Duo. 
Source LogWorth PValue 
Surface Treatment 11.997 0.00001 
Fatigue 3.610 0.00025 
Surface Treatment *Fatigue 0.442 0.36123 
 
Table 33: Flexural strength comparisons of different surface treatment for Celtra 
Duo. 
Surface treatment Sig. Level* Least Sq Mean 
Glazed A  303.74 
Polished  B 226.69 
Control  B 221.59 
*Levels not connected by the same letter are significantly different. 
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Figure 39: Least Squares Means Plot of flexural strength vs. surface treatment for 
Celtra Duo. 
 
Table 34: Flexural strength comparisons of different fatigue status for Celtra Duo. 
Fatigue status Sig. Level* Least Sq Mean 
Fatigued A  266.35 
Static  B 235.00 




Figure 40: Least Squares Means Plot of flexural strength of fatigue vs. static for 
Celtra Duo. 
 
Table 35: Multiple flexural strength comparisons of different surface treatment and 
fatigue status for Celtra Duo. 
Surface treatment* Fatigue status Sig.Level* Least Sq Mean 
Glazed, Fatigued A   327.16 
Glazed, Static  B  280.32 
Polished, Fatigued  B C 240.88 
Control, Fatigued   C 231.01 
Polished, Static   C 212.50 
Control, Static   C 212.185 




Figure 41: A graph representing flexural strength of fatigue vs. static and surface 
treatment for Celtra Duo. 
 
3.1.5 Celtra Press Biaxial Flexural Strength  
 
Means and standard deviations of Celtra Press biaxial flexural strengths in different surface 
treatment and fatigue status are displayed in Figure 42. The highest mean flexural strength 
was for static samples after glazing (310.50 ± 63.32 MPa). The lowest flexural strength 
was for static no treatment group (233.50 ± 88.12 MPa).  
Table 36, shows variables that had an effect on flexural strength IPS e.max CAD. The 
surface treatment variable showed the only significant effect (p =0.026). However, the 
cyclic fatigue variable and the interaction between surface treatment and cyclic fatigue 
shows a non-significant effect p =0.345 and p =0.085, respectively. 
80 
The glazed group shows a significantly higher biaxial flexural strength than the control 
group (p=0.0236*); however, the polished group was not significantly different from the 
control or glazed groups (p=0.1518) and (p=0.06939) respectively. (Table 37, Figure 43). 
The biaxial flexural strength results of Celtra Press specimens before and after 100,000 
cyclic fatigue show no significant difference (p=0.3452) (Table 38, Figure 44).  
In both control and glazed groups, the biaxial flexural strength is decreased after cyclic 
fatigue but increased in the polished group (Table 39, Figure 45). However, none of these 
differences are statistically significant. Moreover, two samples of the polished group of 





Figure 42: Flexural strength’s means and standard deviations for Celtra Press with surface treatment and fatigue status. 
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Table 36: Variables effect on flexural strength for Celtra Press. 
Source LogWorth PValue 
Surface Treatment 1.575 0.02662 
Surface Treatment *Fatigue 1.069 0.08537 
Fatigue 0.462 0.34518 
 
 
Table 37: Flexural strength comparisons of different surface treatment for Celtra 
Press. 
Surface treatment Sig.Level* Least Sq Mean 
Glazed A  307.38 
Polished A B 293.37 
Control  B 261.08 
*Levels not connected by the same letter are significantly different. 
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Figure 43: Least Squares Means Plot of flexural strength vs. surface treatment for 
Celtra Press. 
 
Table 38: Flexural strength comparisons of different fatigue status for Celtra Press. 
Fatigue status Sig.* Least Sq Mean 
Static A 293.94 
Fatigued A 280.62 
*Levels not connected by the same letter are significantly different. 
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Figure 44: Least Squares Means Plot of flexural strength of fatigue vs. static for 
Celtra Press. 
 
Table 39: Multiple flexural strength comparisons of different surface treatment and 
fatigue status for Celtra Press. 
Surface treatment* Fatigue status Sig. Level* Least Sq Mean 
Glazed, Static A  310.50 
Glazed, Fatigued A B 304.27 
Polished, Fatigued A B 304.08 
Control, Static A B 288.65 
Polished, Static A B 282.65 
Control, Fatigued  B 233.50 
*Levels not connected by the same letter are significantly different. 
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Figure 45: A graph representing flexural strength of fatigue vs. static and surface 
treatment for Celtra Press. 
 
3.2 Surface roughness 
 
In this section, the surface roughness of IPS e.max CAD, IPS e.max Press, Celtra Duo, and 
Celtra Press were determined. The aim was to evaluate the effect of surface treatment, 
including polishing and glazing on the surface roughness (Ra) of all four materials. Means, 
standard deviations, and coefficient of variances of IPS e.max CAD, IPS e.max Press, 
Celtra Duo and Celtra Press surface roughness in different surface treatment are displayed 
in Table 17.  
Table 40 shows variables that had an effect on the surface roughness. The surface treatment 
variable showed the most significant effect with a LogWorth of 27.943.  
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The material variable showed a LogWorth of 11.271, which shows a significant effect. The 
interaction between material and surface treatment was also significant with a LogWorth 
of 13.672. 
When evaluating data according to material, Celtra Duo showed the highest surface 
roughness, and significantly followed by IPS e.max CAD, then Celtra Press and IPS e.max 
Press (p<.0001). However, there is no significant difference in surface roughness between 
Celtra Press and IPS e.max Press (p=0.8971) (Table 41, Figure 46). When evaluating data 
according to surface treatment, no-treatment group showed the highest surface roughness, 
and significantly followed by polished, then glazed group (p<.0001) (Table 42, Figure 
47). 
Table 43 and Figure 48 show multiple surface roughness comparisons of different 
materials and surface treatment. The highest mean surface roughness was for Celtra Duo 
no treatment group (0.955 ± 0.171 μm). The lowest surface roughness was for Celtra Press 
glaze group (0.089 ± 0.029 μm). Celtra Press glaze group was the smoothest and 
significantly different from Celtra Duo and e.max Press with the same surface treatment 
(p<.0001). However, Celtra Press and IPS e.max CAD after glazing were not significantly 
different (p=0.8932). (Table 43, Figure 48). 
The null hypothesis (H0) regarding the effect of surface treatment on surface roughness 
was rejected. Surface treatment caused a significant change in the surface roughness of all 







Table 40: Variables effect on surface roughness. 
Source LogWorth PValue 
Surface Treatment 27.943 0.00001 
Surface Treatment *Material 13.672 0.00001 
Material 11.271 0.00001 
 
Table 41: Surface Roughness means for different materials including all surface 
treatments groups. 
Material Sig. Level* Least Sq Mean 
Cetra Duo A   0.572 
Emax CAD  B  0.454 
Celtra Press   C 0.334 
Emax Press   C 0.310 




Figure 46: Least Square Means Plot of surface roughness vs. material. 
 
Table 42: Surface Roughness means for all materials with different surface 
treatment. 
Surface treatment Sig.Level* Least Sq Mean 
Control A   0.678 
Polished  B  0.336 
Glazed   C 0.239 
*Levels not connected by the same letter are significantly different. 
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Table 43: Surface Roughness means for different materials and surface treatment. 
Group*material Sig. Level* Least Sq Mean 
Control, CD A     0.955 
Control, CP  B    0.741 
Control, EC  B    0.727 
Polished, EC   C   0.443 
Polished, CD   C   0.432 
Glazed, EP   C D  0.345 
Glazed, CD   C D  0.330 
Polished, EP   C D  0.295 
Control, EP   C D E 0.289 
Glazed, EC    D E 0.193 
Polished, CP    D E 0.173 
Glazed, CP     E 0.089 
*Levels not connected by the same letter are significantly different. 





Figure 48; A graph representing surface roughness for different materials vs. 
surface treatment. 
 
In e.max CAD, the control group shows significantly higher surface roughness followed 
by the polished then the glazed groups, which is the smoothest (Table 44).  
 
Table 44: Surface Roughness means for IPS e.max CAD with different surface 
treatment. 
Surface treatment Sig.Level* Least Sq Mean 
Control A   0.727 
Polished  B  0.443 
Glazed   C 0.193 
*Levels not connected by the same letter are significantly different. 
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In e.max Press, the control group shows higher surface roughness followed by polished 
then glazed groups: however, no significant difference between all the groups was 
evident (Table 45).  
Table 45: Surface Roughness means for IPS e.max Press with different surface 
treatment. 
Surface treatment Sig.* Least Sq Mean 
Glazed A 0.345 
Polished A 0.295 
Control A 0.289 
*Levels not connected by the same letter are significantly different. 
 
In Celtra Duo, the control group shows significantly higher surface roughness than polished 
and glazed groups. However, the polished group is not significantly different from the 
glazed group (Table 46). 
 
Table 46: Surface Roughness means for Celtra Duo with different surface 
treatment. 
Surface treatment Sig. Level* Least Sq Mean 
Control A  0.955 
Polished  B 0.432 
Glazed  B 0.330 
*Levels not connected by the same letter are significantly different. 
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Similar to the previous material, Celtra press control group show a significant increase in 
surface roughness than polished and glazed groups. While the polished and glazed groups 
are not significantly different (Table 47). 
Table 47: Surface Roughness means for Celtra Press with different surface 
treatment. 
Surface treatment Sig. Level* Least Sq Mean 
Control A  0.741 
Polished  B 0.173 
Glazed  B 0.089 
*Levels not connected by the same letter are significantly different. 
 
3.3 Hardness test 
 
The hardness of four dental materials was determined after Vickers indentation by using a 
Micromet® 2003 Microhardness Tester. The applied load was adjusted to 500 g for the 
four materials. The dwelling time was 15 seconds for all. Ten measurements were made on 
each sample, and the mean values in kg/mm2 was calculated. The results for the mean of 
each material are shown in (Table 48, Figure 49). 
Table 49 show variables that had an effect on the microhardness. The material variable 
showed the most significant effect with a LogWorth of 26.413. The firing cycle showed a 
LogWorth of 6.224, which shows a significant effect. The interaction between material and 
surface treatment was also significant with a LogWorth of 13.570. 
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When all materials are compared, Celtra Duo showed the highest mean Vickers indentation 
(630.74 ± 8.87), and significantly followed by IPS e.max CAD (530.16 ± 18.55), then IPS 
e.max Press (501.6 ± 31.01) then Celtra Press (472.43 ± 27.70). (Table 50, Figure 50). 
After firing the materials for the 5th time, compared to the control, Celtra Duo resulted in 
significantly lower Vickers indentation hardness (601.97 ± 23.52).  
Conversely, Celtra press and IPS e.max CAD showed significantly higher Vickers 
indentation hardness (573.21 ± 13.23), (553.91 ± 8.36), respectively. No significant 
difference was shown in e.max Press (506.29 ± 11.57). (Table 51, Figure 51). 
The null hypothesis (H0) regarding the effect of firing cycles on microhardness was 
partially rejected. Firing cycles caused a significant change in the microhardness of Celtra 




Table 48: - Mean Vickers indentation hardness [kg/mm2] and standard deviation for 
the materials tested. 
 VHN kg/mm2 
Material Firing N Mean Std Dev CV 
Emax CAD 0 10 530.16 18.55 3.50 
5 10 553.91 8.36 1.51 
Emax Press 0 10 501.6 31.01 6.18 
5 10 506.29 11.57 2.29 
Celtra Duo 
 
0 10 630.74 18.87 2.99 
5 10 601.97 23.52 3.91 
Celtra Press 0 10 472.43 27.70 5.86 




Figure 49: Mean Vickers indentation hardness [ kg/mm2] and standard deviation for the materials tested.
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Table 49: Variables effect on microhardness. 
Source LogWorth PValue 
Material 26.413 0.00001 
Material*Firing 13.570 0.00001 
Firing 6.224 0.00001 
 
Table 50: Mean Vickers hardness number for different materials. 
Material Sig. Level* Least Sq Mean 
Celtra Duo A    630.74 
Emax CAD  B   530.16 
Emax Press   C  501.60 
Celtra Press    D 472.43 




Figure 50: Least Square Means Plot of Vickers hardness number vs. material. 
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Table 51: Vickers hardness number for different materials in 0 and 5 firing cycles. 
Material*firing Sig. Level* Least Sq Mean 
Celtra Duo, 0 A      630.74 
Celtra Duo, 5  B     601.97 
Celtra Press, 5   C    573.21 
Emax CAD, 5   C D   553.91 
Emax CAD, 0    D E  530.16 
Emax Press, 5     E  506.29 
Emax Press, 0     E  501.60 
Celtra Press, 0      F 472.43 
*Levels not connected by the same letter are significantly different. 
 
 
Figure 51: A graph representing Vickers hardness number for different materials 
by 0 vs 5 firing cycles. 
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Table 52 shows the mean Vickers indentation for e.max CAD after the crystallization cycle 
and after five firing cycles. There is a significant increase in microhardness value after 
firing the material for the 5th time compared to the control ( Figure 52). 
 
Table 52: Vickers hardness number for IPS e.max CAD in 0 and 5 firing cycles. 
Firing cycle Sig. Level* Least Sq Mean 
5 A  553.91 
0  B 530.16 
*Levels not connected by the same letter are significantly different. 
 
 
Figure 52: Least Square Means Plot of Vickers indentation hardness for IPS e.max 
CAD  0 vs 5 firing cycles. 
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The mean Vickers indentation for IPS e.max Press after press firing cycle and after five 
firing cycles is displayed in Table 53 and Figure 53 below. No significant difference in 
microhardness value after firing the material for the 5th time compared to the control. 
 
Table 53: Vickers hardness number for IPS e.max Press in 0 and 5 firing cycles. 
Firing cycle Sig.* Least Sq Mean 
5 A 506.29 
0 A 501.60 
*Levels not connected by the same letter are significantly different. 
 
 
Figure 53: Least Square Means Plot of Vickers hardness number for IPS e.max 
Press 0 vs 5 firing cycles. 
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The mean Vickers indentation for Celtra Duo block and after five firing cycles is shown 
in Table 54 and Figure 54. There is a significant decrease in microhardness value after 
firing the material for the 5th time compared to the control. 
 
Table 54: Vickers hardness number for Celtra Duo in 0 and 5 firing cycles. 
Firing cycle Sig. Level* Least Sq Mean 
0 A  630.74 
5  B 601.97 
*Levels not connected by the same letter are significantly different. 
 
 
Figure 54: Least Square Means Plot of Vickers hardness number for Celtra Duo 0 
vs 5 firing cycle. 
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Celtra Press mean Vickers indentation as pressed and after five firing cycles is presented 
in Table 55 and Figure 55. Similar to e.max CAD, there is a significant increase in 
microhardness values after firing the material for the 5th time compared to the control. 
 
Table 55: Vickers hardness number for Celtra Press in 0 and 5 firing cycles 
Firing cycle Sig. Level* Least Sq Mean 
5 A  573.21 
0  B 472.43 
*Levels not connected by the same letter are significantly different. 
 
 
Figure 55: Least Square Means Plot of Vickers hardness number for Celtra Press 0 
vs 5 firing cycles. 
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3.4 Contrast Ratio (CR) 
 
In this section, contrast ratios for all materials at different firing cycles were obtained using 
an X- Rite Ci7600 spectrophotometer. The objective was to evaluate the effect of repeated 
firing cycles and surface treatment on the contrast ratio of all four materials. 
 
3.4.1 Least Squares Means Model Analysis 
 
Figure 56 and Figure 57 summarize means of contrast ratio, standard deviations for IPS 
e.max CAD, IPS e.max press Celtra Duo, and Celtra. Press. 
The highest mean contrast ratio was shown in Celtra Press and IPS e.max CAD with no 
surface treatment, zero firing cycle and one firing cycle, (89.90 ± 0.55) and (89.90 ± 0.90) 
respectively. The lowest CR mean was shown in Celtra Duo, polished group after one firing 
cycle (75.47 ± 0.90). 
In the factorial ANOVA, the entire model showed a statistically significant difference in 
at least one group or one variable (Table 56). The variables tested were; firing cycles, type 
of material, and surface treatment. Results showed significant effects of all variables except 
surface treatment; also, the interaction between variables was significant. 
The LogWorth is the -log10(p-value), which gives an additional implication for the level of 
significance. Highly significant p-values have large LogWorths. Based on the LogWorth 
number, the material variable was the most significant, followed by the firing cycle (Table 
57).  
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Figure 61, Figure 62, and Figure 63 show interactions between variables, material × 
treatment, material × firing cycle, and treatment × firing cycle, respectively. The material 
× firing cycle interaction was prominent as trend lines were intersected, indicating a strong 
interaction, the p-value LogWorth of this interaction was 13.274. The treatment × firing 
cycle interaction was also prominent, as trend lines were non-parallel, the p-value 
LogWorth of this interaction was 2.10, which indicated a less strong effect. 
All pooled data were analyzed based on a factorial ANOVA’s least-squared means, and 
Tukey’s post-hoc test was used for multiple comparisons.  
When data were evaluated according to material, all surface treatment and firings data were 
included. Celtra Press showed a significantly higher contrast ratio than the rest of the 
materials(p<.0001). IPS e.max CAD and e.max Press were not significantly different 
(p=0.9949); however, Celtra Duo was significantly lower than the other three materials 
(p<.0001) (Table 58, Figure 58).  
Pooled data of different surface treatment levels showed no significant difference in 
contrast ratio, in which all materials and firing cycles were included (p>0.05) (Table 59, 
Figure 59). Pooled data for 0 – 5 firings for all materials and surface treatment levels 
showed a significant decrease in contrast ratio (p<.0001) (Table 60, Figure 60).  
The null hypothesis (H0) of repeated firing cycles’ effect on different materials’ contrast 
ratio was rejected. Firing cycles displayed a significant effect in lowering the translucency 
of IPS e.max CAD, and in raising the translucency of Celtra Duo and Celtra press, but no 
significant effect on IPS e.max press. 
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The null hypothesis (H0) of surface treatment effect on different materials’ contrast ratio 
was accepted. Surface treatment showed a non-significant effect on contrast ratio in all 
materials tested.
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Figure 57: A graph representing contrast ratio for different materials vs firing 
cycles and surface treatment. 
 
Table 56:Factorial ANOVA of the whole model. 
Source DF Sum of Squares Mean Square F Ratio 
Model 29 5332.2168 183.870 189.4225 
Error 213 206.7559 0.971 Prob > F 




Table 57: Variables effect on contrast ratio. 
Source LogWorth PValue 
Material 85.884 0.00001 
Material*Treatment 23.039 0.00001 
Material*Firing cycle 13.274 0.00001 
Firing cycle 6.035 0.00001 
Treatment*Firing cycle 2.100 0.00794 
Treatment 0.362 0.43439 
 
Table 58: Least squared means of contrast ratio for different materials including 
firing cycles and surface treatment groups.  
Material Sig. Level* Least Sq Mean 
Celtra Press A   89.50 
Emax CAD  B  87.06 
Emax Press  B  86.97 
Celtra Duo   C 77.83 
*Levels not connected by the same letter are significantly different. 
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Figure 58: Least Squares Means Plot of contrast ratio for all materials including 0 – 
5 firings and all surface treatments groups 
 
Table 59: Least Square Means of contrast ratio for different surface treatments  
including all materials and firing cycles groups 
 
Surface treatment Sig.* Least Sq Mean 
Glaze A 85.45 
No treatment A 85.45 
Polished A 85.12 




Figure 59: Least Square Means Plot of contrast ratio vs. surface treatment. Pooled 
for 0 – 5 firings for all materials. 
 
Table 60: Least Square Means of contrast ratio for different firing cycles 
including all materials and surface treatment groups 
 
Firing cycles Sig. Level* Least Sq Mean 
0 A  85.34 
5  B 84.87 
3  B 84.50 
1  B 84.42 





Figure 60  : Least Square Means Plot of contrast ratio vs. firing cycles including all 














Figure 63: A graph representing contrast ratio of different firing cycles vs. surface 
treatment, for all materials. 
According to Table 57, the material variable showed the most significant effect with a 
LogWorth of 85.884. Therefore, an analysis of each material was made. 
 
3.4.2 IPS e.max CAD Contrast Ratio (CR) 
 
Means of contrast ratio, standard deviations, and coefficients of variation for IPS e.max 
CAD are displayed in Table 61. Table 62 show variables that had an effect on contrast 
ratio of IPS e.max CAD. The firing cycle variable showed the most significant effect with 
a LogWorth of 5.460. The interaction between surface treatment and firing cycle was 
significant with a LogWorth of 2.887. However, the surface treatment variable shows a 
non-significant effect (p=0.92181) with a LogWorth of 0.035. 
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Surface treatment shows no significant differences in contrast ratio (p>0.05) (Table 63, 
Figure 64). In contrast, repeated firing cycles show a significant effect in contrast ratio 
(p<.0001) (Table 64, Figure 65). In general, repeated firing cycles resulted in an increase 
in contrast ratio in all treatment groups. It was significantly shown after the 1st firing cycle 
in no-treatment group, and after the 5th firing cycle in the glazed group. However, no 
significant differences in CR shown in the polished group between all firing cycles 
(p>0.05) (Table 65, Figure 66). 
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0 87.00 1.196 1.37 5 
1 89.90 0.90 1.00 5 
3 87.71 0.21 0.24 5 
5 88.20 0.32 0.36 5 
 
Polished 
0 87.17 1.39 1.59 5 
1 87.67 0.29 0.33 5 
3 87.77 0.53 0.61 5 
5 88.72 0.63 0.71 5 
 
Glaze 
0 87.00 1.19 1.37 5 
1 87.62 0.34 0.39 5 
3 87.26 0.32 0.36 5 
5 88.73 0.55 0.62 5 
 
Table 62: Variables effect on contrast ratio for IPS e.max CAD. 
Source LogWorth PValue 
Firing cycle 5.460 0.00001 
Treatment*Firing cycle 2.887 0.00130 
Treatment 0.035 0.92181 
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Table 63: Means of contrast ratio of different surface treatment for IPS e.max CAD. 
Surface treatment Sig.* Least Sq Mean 
Polished A 87.17 
Glaze A 87.00 
No treatment A 87.00 
*Levels not connected by the same letter are significantly different. 
 
 








Table 64: Means of contrast ratio of different firing cycles for IPS e.max CAD. 
Firing cycle Sig. Level* Least Sq Mean 
5 A  88.55 
1 A  88.40 
3  B 87.58 
0  B 87.06 
*Levels not connected by the same letter are significantly different. 
 
 






Table 65: Multiple comparisons of contrast ratio’s least squared means for surface 
treatment combined with firing cycles for IPS e.max CAD. 
Surface treatment* Firing cycle Sig. Level* Least Sq Mean 
No treatment, 1 A   89.90 
Glaze, 5 A B  88.73 
Polished, 5 A B  88.72 
No treatment, 5  B C 88.20 
Polished, 3  B C 87.77 
No treatment, 3  B C 87.71 
Polished, 1  B C 87.67 
Glaze, 1  B C 87.62 
Glaze, 3  B C 87.26 
Polished, 0  B C 87.17 
Glaze, 0   C 87.00 
No treatment, 0   C 87.00 




Figure 66: A graph representing contrast ratio of different firing cycles vs. surface 
treatment for IPS e.max CAD. 
 
3.4.3 IPS e.max Press Contrast Ratio (CR) 
 
Means of contrast ratio, standard deviations, and coefficients of variation for IPS e.max 
Press are displayed in Table 66. Table 67 show variables that had an effect on contrast 
ratio of IPS e.max Press. The surface treatment and firing cycle variables showed a non-
significant effect, p=0.20815 and p=0.40142, respectively. However, the interaction 
between surface treatment and firing cycle was significant (p =0.039). 
Although little difference in contrast ratio was shown in the glazed group; however, in 
general, surface treatment shows no significant differences in contrast ratio (Table 68, 
Figure 67). Overall, repeated firing cycles show no significant effect on the contrast ratio 
of IPS e.max Press specimens (Table 69, Figure 68). 
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 Contrast ratio comparisons of different surface treatment and firing cycles are shown in 
Table 70, Figure 69. Repeated firing cycles show no significant change in contrast ratio 
within each treatment group. However, in the glazed group, the contrast ratio is decreased 
gradually with repeated firing cycles; it was significantly different after the 5th firing cycle 
relative to the control, while no significant difference was evident between 1st, 3rd, and 5th 
firing cycles. 
 













0 86.42 1.70 1.97 5 
1 85.31 0.74 0.87 5 
3 84.87 1.00 1.18 5 
5 84.40 0.54 0.64 5 
 
Polished 
0 87.36 0.58 0.67 5 
1 87.96 0.42 0.48 5 
3 87.64 1.15 1.31 5 
5 87.83 0.48 0.55 5 
 
Glaze 
0 87.12 0.33 0.382 5 
1 86.81 0.79 0.91 5 
3 87.02 0.51 0.59 5 




Table 67: Variables effect on contrast ratio for IPS e.max Press. 
Source LogWorth PValue 
Treatment*Firing cycle 1.400 0.03979 
Treatment 0.682 0.20815 
Firing cycle 0.396 0.40142 
 
Table 68: Means of contrast ratio of different surface treatment for IPS e.max 
Press. 
Surface treatment Sig.* Least Sq Mean 
No treatment A 87.36 
Polished A 87.12 
Glaze A 86.42 





Figure 67: Least Square Means Plot of contrast ratio vs. surface treatment for IPS 
e.max Press. 
 
Table 69: Means of contrast ratio of different firing cycles for IPS e.max Press.  
Firing cycle Sig.* Least Sq Mean 
0 A 86.97 
1 A 86.69 
3 A 86.51 
5 A 86.49 








Table 70: Multiple comparisons of contrast ratio’s least squared means for surface 
treatment combined with firing cycles for IPS e.max Press. 
Surface treatment* Firing cycle Sig. Level* Least Sq Mean 
No treatment, 1 A    87.96 
No treatment, 5 A    87.83 
No treatment, 3 A    87.64 
No treatment, 0 A    87.36 
Polished, 5 A    87.25 
Polished, 0 A B   87.12 
Polished, 3 A B   87.02 
Polished, 1 A B   86.81 
Glaze, 0 A B C  86.42 
Glaze, 1  B C D 85.31 
Glaze, 3   C D 84.87 
Glaze, 5    D 84.40 




Figure 69: A graph representing contrast ratio of different firing cycles vs. surface 
treatment for IPS e.max Press. 
 
3.4.4 Celtra Duo Contrast Ratio (CR) 
 
Means of contrast ratio, standard deviations, and coefficients of variation for Celtra Duo 
are presented in Table 71. Table 72 show variables that had an effect on contrast ratio of 
Celtra Duo. The firing cycle variable showed the most significant effect with a LogWorth 
of 6.330. The surface treatment variable showed a LogWorth of 3.515, which shows a 
significant effect. The interaction between surface treatment and firing cycle was 
significant (p =0.004). The glaze group shows the highest contrast ratio and significantly 
different from the polished group but not the control group (Table 73, Figure 70).  
In general, the contrast ratio decreases after repeated firing cycles in Celtra (Table 74, 
Figure 71). 
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 However, repeated firing cycles show no significant effect on the contrast ratio of Celtra 
Duo polished group. Nevertheless, a significant effect was shown in the control and glazed 
groups. There was a significant drop in contrast ratio after the 1st firing cycle, which 
gradually increases, resulting in no significant difference between control and 5th firing 
cycle.  (Table 75, Figure 72). 
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0 78.61 0.72 0.92 5 
1 76.17 0.53 0.69 5 
3 77.47 0.43 0.55 5 
5 78.2 0.59 0.75 5 
Polished 
0 78.23 1.07 1.376 5 
1 75.47 0.90 1.19 5 
3 76.24 0.98 1.29 5 
5 76.61 1.09 1.42 5 
Glaze 
0 76.76 0.46 0.60 5 
1 76.64 0.71 0.93 5 
3 76.71 0.57 0.74 5 
5 77.08 0.45 0.59 5 
 
Table 72: Variables effect on contrast ratio for Celtra Duo. 
Source LogWorth PValue 
Firing cycle 6.330 0.00001 
Treatment 3.133 0.00074 
Treatment*Firing cycle 2.379 0.00417 
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Table 73: Means of contrast ratio of different surface treatment for Celtra Duo. 
Surface treatment Sig. Level* Least Sq Mean 
Glaze A  78.61 
No treatment A  78.23 
Polished  B 76.76 
*Levels not connected by the same letter are significantly different. 
 
 





Table 74: Means of contrast ratio of different firing cycles for Celtra Duo.  
Firing cycle Sig. Level* Least Sq Mean 
0 A   77.87 
5 A B  77.30 
3  B C 76.81 
1   C 76.09 
*Levels not connected by the same letter are significantly different. 
 
 
Figure 71: Least Square Means Plot of contrast ratio vs. firing cycle for Celtra Duo. 
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Table 75: Multiple comparisons of contrast ratio’s least squared means for surface 
treatment combined with firing cycles for Celtra Duo. 
Surface treatment* Firing cycle Sig. Level* Least Sq Mean 
Glaze, 0 A    78.61 
No treatment, 0 A B   78.23 
Glaze, 5 A B   78.20 
Glaze, 3 A B C  77.47 
Polished, 5 A B C D 77.08 
Polished, 0  B C D 76.76 
Polished, 3  B C D 76.71 
Polished, 1  B C D 76.64 
No treatment, 5  B C D 76.61 
No treatment, 3   C D 76.24 
Glaze, 1   C D 76.17 
No treatment, 1    D 75.47 




Figure 72: A graph representing contrast ratio of different firing cycles vs. surface 
treatment for Celtra Duo. 
 
3.4.5 Celtra Press Contrast Ratio (CR) 
 
Means of contrast ratio, standard deviations, and coefficients of variation for Celtra Press 
are shown in Table 76.  
Table 77 show variables that had an effect on contrast ratio of Celtra Press. The firing 
cycle variable showed the most significant effect with a LogWorth of 7.735. The surface 
treatment variable showed a non-significant effect (p=0.63576). The interaction between 
surface treatment and firing cycle was significant (p =0.004). 
In general, surface treatment shows no significant effect in contrast ratio (Table 78, Figure 
73).  
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Overall, repeated firing cycles show a significant decrease in the contrast ratio of Celtra 
Press; however, no significant difference between 1st, 3rd and 5th firing cycles (Table 79, 
Figure 74). Contrast ratio comparisons of different surface treatment and firing cycles are 
shown in Table 80 and Figure 75.  
Repeated firing cycles show a significant decrease in contrast ratio after the 1st firing cycle 
in no-treatment group; however, no significant difference between 1st, 3rd and 5th firing 
cycles. Moreover, in the polished group, the contrast ratio is decreased significantly after 
1st firing cycle, while no significant difference in contrast ratio after the 3rd and 5th firing 
cycles relative to the control. Finally, repetated firing cycles show no significant change in 

















0 89.90 0.55 0.61 5 
1 87.58 1.59 1.82 5 
3 89.05 1.73 1.94 5 
5 88.59 1.10 1.24 5 
Polished 
0 89.21 0.59 0.66 5 
1 85.31 0.74 0.87 5 
3 84.87 1.00 1.18 5 
5 84.40 0.54 0.64 5 
Glaze 
0 89.41 1.39 1.56 5 
1 86.58 1.38 1.59 5 
3 87.35 1.15 1.32 5 
5 88.43 1.31 1.48 5 
 
Table 77: Variables effect on contrast ratio for Celtra Press. 
Source LogWorth PValue 
Firing cycl 7.735 0.00001 
Treatment*Firing cycl 2.383 0.00414 
Treatment 0.197 0.63576 
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Table 78: Means of contrast ratio of different surface treatment for Celtra Press. 
Surface treatment Sig.* Least Sq Mean 
Glaze A 89.90 
Polished A 89.41 
No treatment A 89.21 
*Levels not connected by the same letter are significantly different. 
 
 




Table 79: Means of contrast ratio of different firing cycles for Celtra Press. 
Firing cycle Sig. Level* Least Sq Mean 
0 A  89.50 
5  B 87.14 
3  B 87.09 
1  B 86.49 
*Levels not connected by the same letter are significantly different. 
 
 




Table 80: Multiple comparisons of contrast ratio’s least squared means for surface 
treatment combined with firing cycles for Celtra Press. 
Surface treatment* Firing cycle Sig. Level* Least Sq Mean 
Glaze, 0 A      89.90 
Polished, 0 A B     89.41 
No treatment, 0 A B     89.21 
Glaze, 3 A B C    89.05 
Glaze, 5 A B C    88.59 
Polished, 5 A B C    88.43 
Glaze, 1 A B C D   87.58 
Polished, 3  B C D E  87.35 
Polished, 1   C D E F 86.58 
No treatment, 1    D E F 85.31 
No treatment, 3     E F 84.87 
No treatment, 5      F 84.40 




Figure 75: A graph representing contrast ratio of different firing cycles vs. surface 
treatment for Celtra Press. 
 
3.5 Color Change (ΔE*) 
 
In this section, color change (ΔE*) relative to the control for all materials at different firing 
cycles and surface treatment were obtained using Easyshade and spectrophotometer. The 
objective was to evaluate the effect of repeated firing cycles and surface treatment on the 
color stability of each material. 
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3.5.5 Least Squares Means Model Analysis 
 
Figure 76 and Figure 77 show means of color change and standard deviations for IPS 
e.max CAD, IPS e.max press Celtra Duo, and Celtra. Press. 
Multiple regression was used to determine the relation between color change and 
independent variables (materials, surface treatment, and firing cycles). In Table 81 and  
Table 82, the regression model’s p-value was <0.0001 indicating a significant effect in at 
least one variable. When using Easyshade, the level of material had the most significant 
effect, followed by; material × treatment interaction, material × firing cycle, treatment × 
firing cycle, firing cycle, and finally treatment (Table 83). When using the 
spectrophotometer, the level of material × treatment interaction had the most significant 
effect, followed by; material, firing cycle, material × firing cycle, treatment × firing cycle, 
and finally, treatment (Table 84). 
The interaction effects of material × treatment, material × firing cycle, and treatment × 
firing cycle using Easyshade were displayed in Figure 78, Figure 79, Figure 80, and using 
the spectrophotometer shown in Figure 81, Figure 82, Figure 83. 
Lines were non-parallel and were intersected, indicating a strong effect. Celtra Press 
showed a significant increase in the color change after one firing cycle. However, repeated 
firing cycles on Celtra Press showed a significant decrease in the color change.  
Also, an increase in the color change was significant after firing IPS e.max CAD for the 
5th time; however, Celtra Duo and e.max Press showed no significant increase in color 
change with repeated firing (Table 85,   
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Table 86, Figure 79, Figure 82).  
Glazing e.max Press and Celtra Press showed a significant increase in the color change 
(p<.0001); however, IPS e.max CAD and Celtra Duo showed no significant increase in 
color change with polishing nor glazing. 
 
Pooled data according to material type, with all firing cycles and surface treatment 
included, showed that Celtra Press had the highest color change, and was significantly 
different from IPS e.max CAD, e.max Press and Celtra Duo (p<.0001) (Table 87, Table 
88, Figure 84, Figure 85). 
The null hypothesis (H0) of repeated firing cycles’ effect on materials’ color change was 
rejected. Repeated firing cycles exhibited significant effect on color change on all materials 
tested, except for Celtra Duo. 
The null hypothesis (H0) of surface treatment effect on materials’ color change was 
rejected. Polishing and glazing significantly exhibited an effect on color change on all 




Figure 76: Means, and standard deviations of color change for all materials using Easyshade 
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Figure 77: Means, and standard deviations of color change for all materials using a spectrophotometer. 
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Table 81: Regression model for the color change using Easyshade. 
Source DF Sum of Squares Mean Square F Ratio 
Model 23 344.28521 14.9689 34.8244 
Error 156 67.05506 0.4298 Prob > F 
C. Total 179 411.34028  <.0001* 
 
Table 82: Regression model for the color change using a spectrophotometer. 
Source DF Sum of Squares Mean Square F Ratio 
Model 23 80.57157 3.50311 7.4429 
Error 156 73.42340 0.47066 Prob > F 
C. Total 179 153.99497  <.0001* 
 
Table 83: Variables’ effect on color change (Easyshade). 
Source LogWorth PValue 
Material 37.717 0.00001 
Material*Treatment 21.516 0.00001 
Material*Firing cycle 15.046 0.00001 
Treatment*Firing cycle 5.955 0.00001 
Firing cycle 3.452 0.00035 




Table 84: Variables’ effect on color change (spectrophotometer). 
Source LogWorth PValue 
Material*Treatment 8.180 0.00001 
Material 6.448 0.00001 
Firing cycle 1.591 0.02562 
Material*Firing cycle 0.961 0.10943 
Treatment*Firing cycle 0.245 0.56944 




Figure 78: A graph representing color change using Easyshade for different 
materials vs. surface treatment.  
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Table 85: Multiple comparisons of color change least squared means using 
Easyshade, for different materials combined with firing cycles. 
 
Level Sig. Level* Least Sq Mean 
Celtra Press, 1 A       4.767 
Celtra Press, 3  B      3.207 
Celtra Press, 5  B C     2.993 
Emax CAD, 5   C D    2.333 
Celtra Duo, 5    D E   1.769 
Emax Press, 5    D E F  1.609 
Celtra Duo, 3    D E F  1.569 
Emax Press, 3     E F G 1.460 
Celtra Duo, 1     E F G 1.368 
Emax Press, 1     E F G 1.316 
Emax CAD, 1      F G 0.981 
Emax CAD, 3       G 0.673 




Figure 79: A graph representing color change using Easyshade for different 
materials vs. firing cycle. 
 
 
Figure 80: A graph representing color change using Easyshade of different surface 




Figure 81: A graph representing color change using a spectrophotometer for 
different materials vs. surface treatment 
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Table 86: Multiple comparisons of color change least squared means using 
Spectrophotometer, for different materials combined with firing cycles.  
Level Sig. Level* Least Sq Mean 
Celtra Press, 1 A     2.513 
Celtra Press, 3 A B    2.106 
Celtra Press, 5 A B C   1.884 
Emax Press, 5  B C D  1.478 
Celtra Duo, 1  B C D  1.473 
Emax Press, 3  B C D  1.415 
Emax CAD, 1   C D E 1.234 
Emax Press, 1   C D E 1.203 
Celtra Duo, 3   C D E 1.1403 
Celtra Duo, 5    D E 1.025 
Emax CAD, 5    D E 0.797 
Emax CAD, 3     E 0.571 




Figure 82: A graph representing color change using a spectrophotometer for 
different materials vs. firing cycle  
 
 
Figure 83: A graph representing color change using a spectrophotometer of 
different surface treatment vs. firing cycle for all materials. 
150 
Table 87: Least squared means of color change for different materials including 
firing cycles and surface treatment groups using Easyshade 
Material Sig. Level* Least Sq Mean 
Celtra Press A  4.76 
Celtra Duo  B 1.36 
Emax Press  B 1.31 
Emax CAD  B 0.98 
*Levels not connected by the same letter are significantly different. 
 
 
Figure 84: Least Square Means Plot of color change using Easyshade for different 
materials pooled data 
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Table 88: Least squared means of color change for different materials including 
firing cycles and surface treatment groups using a spectrophotometer 
Material Sig.Level* Least Sq Mean 
Celtra Press A  2.513 
Celtra Duo  B 1.473 
Emax CAD  B 1.234 
Emax Press  B 1.203 
*Levels not connected by the same letter are significantly different. 
 
 
Figure 85: Least Square Means Plot of color change using a spectrophotometer for 
different materials pooled data 
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Since the material variable showed the most significant effect, an analysis of each material 
was made. 
3.5.1 IPS e.max CAD color change (ΔE*) 
 
Means of color change (ΔE*), standard deviations, and coefficients of variation for IPS 
e.max CAD using Easyshade and a spectrophotometer are displayed in Table 89, Figure 
87 and Figure 87. 
In general, IPS e.max CAD, no treatment group, has significantly higher color change than 
polished and glazed using Easyshade and spectrophotometer (Table 90, Table 93  Figure 
88, Figure 91). Repeated firings produce significantly higher color change than one firing 
cycle, as measured with Easyshade (Table 91, Figure 89). However, the highest color 
change was found after the first firing cycle as measured with the spectrophotometer 
(Table 94, Figure 92). 
In IPS e.max CAD no treatment group, the highest color change was seen after the 1st firing 
cycle followed by 5th firing cycles, less color change was shown after the 3rd firing cycle 
and not significantly different than 5th firing cycles as measured with Easyshade (Table 
92, Figure 90). Moreover, in polished and glazed groups, there is no significant difference 
in color change between the 1st and 3rd firing cycles; however, when firing the material for 
the 5th time, color change significantly increases.  
Conversely, when using spectrophotometer, there is no significant difference in color 
change between all surface treatment and all firing cycles; however, no treatment group 
shows significantly higher color change after the 1st firing cycle (Table 95,  Figure 93). 
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Table 89: Means, and standard deviations of color change using Easyshade and a 
spectrophotometer for IPS e.max CAD. 
















0 5 . . . . . . 
1 5 2.80 1.01 35.96 1.71 0.74 43.08 
3 5 0.50 0.27 53.23 0.55 0.26 47.43 
5 5 0.58 0.26 45.29 1.53 0.25 16.54 
Polished 
0 5 . . . . . . 
1 5 0.45 0.30 66.42 0.79 0.30 38.73 
3 5 0.48 0.38 80.26 1.19 0.39 32.57 
5 5 0.84 0.34 40.35 3.28 1.15 34.98 
Glazed 
0 5 . . . . . . 
1 5 0.45 0.20 44.71 0.45 0.16 35.60 
3 5 0.73 0.47 63.60 0.29 0.22 76.52 





Figure 86: Means of color change with surface treatment and firing cycles for IPS 
e.max CAD using Easyshade. 
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Figure 87: Means of color change with surface treatment and firing cycles for IPS 
e.max CAD using a spectrophotometer. 
 
Table 90:  Mean of color change (ΔE*) for IPS e.max CAD with different surface 
treatments using Easyshade. 
Surface treatment Sig. Level* Least Sq Mean 
No treatment A  1.708 
Polished  B 0.787 
Glaze  B 0.448 






Figure 88: Least Square Means Plot of color change (ΔE*) vs. surface treatment for 
IPS e.max CAD using Easyshad 
 
Table 91: Mean of color change (ΔE*) for IPS e.max CAD with different firing 
cycles using Easyshade. 
Firing cycle Sig. Level* Least Sq Mean 
5 A  2.333 
1  B 0.981 
3  B 0.673 






Figure 89: Least Square Means Plot of color change (ΔE*) vs. firing cycle for IPS 
e.max CAD using Easyshade. 
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Table 92: Multiple comparisons of color change (ΔE*) least squared means fof 
surface treatments combined with firing cycles for IPS e.max CAD using Easyshade. 
Surface treatment* Firing cycle Sig. Level* Least Sq Mean 
Polished, 5 A     3.276 
Glaze, 5 A B    2.195 
No treatment, 1  B C   1.708 
No treatment, 5  B C D  1.528 
Polished, 3  B C D E 1.186 
Polished, 1   C D E 0.787 
No treatment, 3    D E 0.547 
Glaze, 1    D E 0.448 
Glaze, 3     E 0.285 




Figure 90: A graph representing color change with firing cycles vs. surface 
treatment for IPS e.max CAD using Easyshade. 
 
Table 93: Mean of color change (ΔE*) for IPS e.max CAD with different surface 
treatments using a spectrophotometer. 
Surface treatment Sig. Level* Least Sq Mean 
No treatment A  2.801 
Glaze  B 0.453 
Polished  B 0.448 




Figure 91: Least Square Means Plot of color change (ΔE*) vs. surface treatments for 
IPS e.max CAD using a spectrophotometer. 
 
Table 94: Mean of color change (ΔE*) for IPS e.max CAD with different firing 
cycles using a spectrophotometer. 
Firing cycle Sig. Level* Least Sq Mean 
1 A  1.234 
5  B 0.797 
3  B 0.571 




Figure 92: Least Square Means Plot of color change (ΔE*) vs. firing cycles for IPS 
e.max CAD using a spectrophotometer. 
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Table 95: Multiple comparisons of color change (ΔE*) least squared means for 
surface treatments combined with firing cycles for IPS e.max CAD using a 
spectrophotometer. 
Surface treatment* Firing cycle Sig. Level* Least Sq Mean 
No treatment, 1 A  2.801 
Glaze, 5  B 0.973 
Polished, 5  B 0.839 
Glaze, 3  B 0.731 
No treatment, 5  B 0.580 
No treatment, 3  B 0.504 
Polished, 3  B 0.476 
Glaze, 1  B 0.453 
Polished, 1  B 0.448 




Figure 93: A graph representing color change with different firing cycles vs. surface 
treatment for IPS e.max CAD using a spectrophotometer. 
 
Shades with different surface treatments and firing cycles using VITA Easyshade Classic 
and 3D Master systems for IPS e.max CAD are displayed in Table 96. 
Chi Square statistical analysis of both shades systems showed that, repeated firing cycles 
produce a statistically significant shade change with Pearson test p-value <.0001. Surface 
treatment showed a significant shade change when using 3D Master (p =0.029), but this 
change was not significant when using the classic shade system (p =0.080). The shade 
changed after repeated firing cycles and surface treatments from 2L1.5 to 2M2; where the 
hue became more reddish and the chroma is more saturated without any changes in the 
value. 
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Crystalization Firing One Firing Three Firings Five  Firings 
Shade VITA Shade VITA Shade VITA Shade 






1 B2 2L1.5 A1  2M2 B2  2L1.5 A2  2M2 
2 B2 2M2 A2  2M2 B2  2L1.5 A2  2M2 
3 B2 2L1.5 A2  2M2 A2  2M2 A2  2M2 
4 B2 2L1.5 A2  2M2 B2  2M2 A2  2M2 
5 B2 2L1.5 A2  2M2 B2  2M2 A2  2M2 
Polished 
1 B2 2L1.5 A2  2M2 B2  2M2 A2  2M2 
2 B2 2M2 A2  2M2 A2  2M2 A2  2M2 
3 B2 2L1.5 B2  2L1.5 A2  2M2 A2  2M2 
4 B2 2L1.5 B2  2M2 A2  2M2 A2  2M2 
5 B2 2L1.5 B2  2M2 A2  2M2 A2  2M2 
Glazed 
1 B2 2L1.5 B2  2L1.5 B2  2L1.5 A2  2M2 
2 B2 2M2 B2  2L1.5 B2  2M2 A2  2M2 
3 B2 2L1.5 B2  2L1.5 B2  2L1.5 A2  2M2 
4 B2 2L1.5 B2  2L1.5 B2  2L1.5 A2  2M2 
5 B2 2L1.5 B2  2L1.5 B2  2L1.5 B2  2M2 
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3.5.2 IPS e.max Press color change (ΔE*) 
 
Means of color change (ΔE*), standard deviations, and coefficients of variation for IPS 
e.max Press using Easyshade and a spectrophotometer are displayed in Table 97, Figure 
94 and Figure 95. IPS e.max Press glazed group show significantly higher color change 
than the control group. Glazed group (ΔE*) was significantly higher than the polished group 
as measured with Easyshade, but this color difference was not significant when measured 
with the spectrophotometer (Table 98, Table 101, Figure 96, Figure 99). Repeated firing 
cycles resulted in increased color change when using Easyshade and the spectrophotometer 
(Table 99, Table 102, Figure 97, Figure 100). There was a significant difference seen 
after the 5th firing cycle, as measured with Easyshade (Table 99, Figure 97). 
Despite the increase in color change with repeated firing cycles, there is no significant 
difference in color change between all firing cycles within each treatment group (Table 
100, Table 103, Figure 98, Figure 101). However, when using Easyshade, a significant 
increase in color change was shown in the glazed group after the 5th firing cycle compared 




Table 97: Means, and standard deviations of color change using Easyshade and a 
spectrophotometer for IPS e.max Press 
















0 5 . . . . . . 
1 5 0.44 0.31 70.59 0.28 0.05 17.77 
3 5 0.55 0.24 43.61 0.43 0.16 36.44 
5 5 0.47 0.12 25.97 0.51 0.12 23.20 
Polished 
0 5 . . . . . . 
1 5 1.42 0.44 30.68 0.86 0.33 37.77 
3 5 1.35 0.46 34.42 0.65 0.31 47.55 
5 5 1.34 0.44 32.75 0.53 0.35 65.45 
Glazed 
0 5 . . . . . . 
1 5 1.75 0.66 37.52 2.81 0.27 9.54 
3 5 2.35 0.76 32.22 3.31 0.36 10.80 




Figure 94: Means of color change with surface treatments and firing cycles for IPS 




Figure 95: Means of color change with surface treatments and firing cycles for IPS 
e.max Press using a spectrophotometer. 
 
Table 98: Mean of color change (ΔE*) for IPS e.max Press with different surface 
treatments using Easyshade.  
Surface treatment Sig. Level* Least Sq Mean 
Glaze A   2.805 
Polished  B  0.861 
No treatment   C 0.282 




Figure 96: Least Square Means Plot of color change (ΔE*) vs. surface treatments for 
IPS e.max Press using Easyshade. 
 
Table 99: Mean of color change (ΔE*) for IPS e.max Press with different firing 
cycles using Easyshade. 
Firing cycle Sig. Level* Least Sq Mean 
5 A  1.609 
3 A B 1.460 
1  B 1.316 




Figure 97: Least Square Means Plot of color change (ΔE*) vs. firing cycles for IPS 




Table 100: Multiple comparisons of color change (ΔE*) least squared means for 
surface treatments combined with firing cycles for IPS e.max Press using 
Easyshade. 
Surface treatment* Firing cycle Sig. Level* Least Sq Mean 
Glaze, 5 A   3.784 
Glaze, 3 A B  3.307 
Glaze, 1  B  2.805 
Polished, 1   C 0.861 
Polished, 3   C 0.645 
Polished, 5   C 0.534 
No treatment, 5   C 0.508 
No treatment, 3   C 0.427 
No treatment, 1   C 0.282 





Figure 98: A graph representing color change of different firing cycles vs. surface 
treatments for IPS e.max Press using Easyshade. 
 
Table 101: Mean of color change (ΔE*) for IPS e.max Press with different surface 
treatments using a spectrophotometer. 
Surface treatment Sig. Level* Least Sq Mean 
Glaze A  1.752 
Polished A  1.421 
No treatment  B 0.435 




Figure 99: Least Square Means Plot of color change (ΔE*) vs. surface treatments for 
IPS e.max Press using a spectrophotometer. 
 
Table 102: Mean of color change (ΔE*) for IPS e.max Press with different firing 
cycles using a spectrophotometer.  
Firing cycle Sig.* Least Sq Mean 
5 A 1.478 
3 A 1.415 
1 A 1.203 




Figure 100: Least Square Means Plot of color change (ΔE*) vs. firing cycles for IPS 
e.max Press using a spectrophotometer. 
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Table 103: Multiple comparisons of color change (ΔE*) least squared means for 
surface treatments combined with firing cycles for IPS e.max Press using a 
spectrophotometer. 
Surface treatment* Firing cycle Sig. Level* Least Sq Mean 
Glaze, 5 A    2.621 
Glaze, 3 A B   2.352 
Glaze, 1 A B C  1.752 
Polished, 1 A B C D 1.421 
Polished, 3  B C D 1.348 
Polished, 5  B C D 1.343 
No treatment, 3   C D 0.546 
No treatment, 5    D 0.471 
No treatment, 1    D 0.435 





Figure 101: A graph representing color change of different firing cycles vs. surface 
treatments for IPS e.max Press using a spectrophotometer. 
 
 
Shades with different surface treatments and firing cycles using VITA Easyshade Classic 
and 3D Master systems for IPS e.max Press are displayed in Table 104. 
Chi Square statistical analysis of shades showed that, there is no significant difference in 
specimens shade after repeated firing cycles using classic and 3D Master systems, with 
Pearson test p-value of 1.000 and 0.157, respectively. Surface treatments showed a 
significant shade change when using the classic and 3D Master, p =0.013 and p <.0001, 
respectively. The shade changed after repeated firing cycles and glazing surface treatment 
from 2L1.5 to 2M1; where the hue became more reddish and the chroma is less saturated 
without any changes in the value. 
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0 Firing One Firing Three Firings Five  Firings 
Shade VITA Shade VITA Shade VITA Shade 





1 A1 2L1.5 A1  2L1.5 A1 2L1.5 A1 2L1.5 
2 B2 2L1.5 B2  2L1.5 B2 2M2 B2 2M2 
3 A1 2L1.5 A1 2L1.5 A1  2L1.5 A1 2L1.5 
4 A1 2L1.5 A1 2L1.5 A1 2L1.5 A1 2L1.5 
5 A1 2L1.5 A1 2L1.5 A1 2L1.5 A1 2L1.5 
Polished 
1 A1 2L1.5 A1  2L1.5 A1 2L1.5 A1 2L1.5 
2 A1 2L1.5 A1 2L1.5 A1 2L1.5 A1 2L1.5 
3 A1 2L1.5 A1 2L1.5 A1 2L1.5 A1  2L1.5 
4 A1 2L1.5 A1 2L1.5 A1  2L1.5 A1 2L1.5 
5 A1 2L1.5 A1 2L1.5 A1  2L1.5 A1 2L1.5 
Glazed 
1 A1 2L1.5 A1 2M1 A1  2M1 A1 2M1 
2 A1 2L1.5 A1 2M1 A1 2M1 A1 2M1 
3 A1 2L1.5 A1 2M1 A1  2M1 A1 2M1 
4 A1 2L1.5 A1 2M1 A1 2M1 A1 2M1 
5 A1 2L1.5 A1 2M1 A1 2M1 A1 2M1 
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3.5.3 Celtra Duo color change (ΔE*) 
 
Means of color change (ΔE*), standard deviations, and coefficients of variation for Celtra 
Duo using Easyshade and the spectrophotometer are displayed in Table 105, Figure 102 
and Figure 103. Repeated firing cycles showed a non-significant effect on color change 
using Easyshade (Table 107, Figure 105). However, with the spectrophotometer, a 
significantly higher color change was seen in the 1st firing cycle compared to the 5th firing 
cycle. The color change (ΔE*) in the 3rd firing cycle is not significantly different from 1st 
or 5th firing cycle. (Table 109, Figure 109) 
 Overall, there is no significant effect on color change after all surface treatments, as 
measured with Easyshade and the spectrophotometer. (Table 106, Table 108, Table 110, 




Table 105: Means, and standard deviations of color change using Easyshade and a 
spectrophotometer for Celtra Duo. 










0 5 . . . . . . 
1 5 1.37 0.60 43.54 1.70 0.29 17.31 
3 5 1.16 0.52 45.02 2.02 0.72 35.43 
5 5 1.07 0.48 45.17 1.90 0.82 43.02 
Polished 
0 5 . . . . . . 
1 5 1.75 0.10 5.59 1.09 0.21 19.23 
3 5 1.36 0.18 13.11 1.25 0.56 44.67 
5 5 1.17 0.14 11.73 1.16 0.69 59.18 
Glazed 
0 5 . . . . . . 
1 5 1.30 0.71 54.66 1.31 0.63 48.36 
3 5 0.99 0.52 52.86 1.41 0.84 59.40 




Figure 102: Means of color change with surface treatments and firing cycles for 
Celtra Duo using Easyshade. 
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Figure 103: Means of color change with surface treatments and firing cycles for 
Celtra Duo using a spectrophotometer. 
 
Table 106: Mean of color change (ΔE*) for Celtra Duo with different surface 
treatments using Easyshade. 
Surface treatment Sig.* Least Sq Mean 
No treatment A 1.703 
Glaze A 1.310 
Polished A 1.091 





Figure 104: Least Square Means Plot of color change (ΔE*) vs. surface treatment for 
Celtra Duo using Easyshade. 
 
Table 107: Mean of color change (ΔE*) for Celtra Duo with different firing cycles 
using Easyshade. 
Firing cycle Sig.* Least Sq Mean 
5 A 1.786 
3 A 1.560 
1 A 1.368 




Figure 105: Least Square Means Plot of color change (ΔE*) vs. firing cycles for 




Table 108: Multiple comparisons of color change (ΔE*) least squared means for 
surface treatments combined with firing cycles for Celtra Duo using Easyshade. 
Surface treatment* firing cycles Sig.* Least Sq Mean 
Glaze, 5 A 2.298 
No treatment, 3 A 2.023 
No treatment, 5 A 1.899 
No treatment, 1 A 1.703 
Glaze, 3 A 1.406 
Glaze, 1 A 1.310 
Polished, 3 A 1.250 
Polished, 5 A 1.1611 
Polished, 1 A 1.091 




Figure 106: A graph representing color change of different firing cycles vs. surface 
treatments for Celtra Duo using Easyshade. 
 
Table 109: Mean of color change (ΔE*) for Celtra Duo with different surface 
treatments using a spectrophotometer. 
Surface treatment Sig.* Least Sq Mean 
Polished A 1.747 
No treatment A 1.370 
Glaze A 1.301 




Figure 107: Least Square Means Plot of color change (ΔE*) vs. surface treatments 
for Celtra Duo using a spectrophotometer. 
 
Table 110: Mean of color change (ΔE*) for Celtra Duo with different firing cycles 
using a spectrophotometer. 
Firing cycle Sig. Level* Least Sq Mean 
1 A  1.473 
3 A B 1.169 
5  B 1.049 




Figure 108: Least Square Means Plot of color change (ΔE*) vs. firing cycles for 
Celtra Duo using a spectrophotometer. 
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Table 111: Multiple comparisons of color change (ΔE*) least squared means for 
surface treatments combined with firing cycles for Celtra Duo using a 
spectrophotometer. 
Surface treatment* Firing cycle Sig.* Least Sq Mean 
Polished, 1 A 1.747 
No treatment, 1 A 1.370 
Polished, 3 A 1.359 
Glaze, 1 A 1.301 
Polished, 5 A 1.170 
No treatment, 3 A 1.160 
No treatment, 5 A 1.072 
Glaze, 3 A 0.990 
Glaze, 5 A 0.904 





Figure 109: A graph representing color change of different firing cycles vs. surface 
treatments for Celtra Duo using a spectrophotometer. 
 
 
Shades with different surface treatments and firing cycles using VITA Easyshade Classic 
and 3D Master systems for Celtra Duo are displayed in Table 112. 
Chi Square statistical analysis of shades showed that, there is a significant difference in 
specimens shade after repeated firing cycles using classic and 3D Master systems, with 
Pearson test p-value <.0001. Surface treatments showed a significant shade change when 
using the classic shade (p =0.002); however, this change was not significant when using 
3D Master (p =0.172). The shade changed after repeated firing cycles and surface treatment 
from 2L2.5 to 1M1; where the color became lighter, the hue became more reddish and the 
chroma is less saturated. 
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0 Firing One Firing Three Firings Five  Firings 
VITA Shade VITA Shade VITA Shade VITA Shade 






1 B1 2M1 B1 2L2.5 B1 2L2.5 B1 2L2.5 
2 B1 2L2.5 B1 1M1 D2 1M1 D2 1M1 
3 B1 2L2.5 B1 1M1 A1 2M2 A1 2L2.5 
4 B1 2M1 B1 1M1 B1 1M1 B1 1M1 
5 B1  2L2.5 B1 1M1 A1 1M1 A1 1M1 
Polished 
1 B1  2L2.5 A1  1M1 A1 2L2.5 B1 2L2.5 
2 B1  2L2.5 A1 2L2.5 A1 1M1 B1 2L2.5 
3 B1  2L2.5 A1 1M1 A1 1M1 B1 1M1 
4 B1  2L2.5 A1 2L2.5 A1 1M1 B1 2L2.5 
5 D2  2L2.5 A1 1M1 A1 1M1 A1 1M1 
Glazed 
1 D2  2L2.5 A1 1M1 A1 1M1 A1  1M1 
2 B1  2L2.5 D2 2L2.5 A1 1M1 A1  1M1 
3 B1  2L2.5 A1 1M1 A1  1M1 A1  1M1 
4 D2  2L2.5 A1 1M1 A1 1M1 A1  1M1 




3.5.4 Celtra Press color change (ΔE*) 
 
Means of color change (ΔE*), standard deviations, and coefficients of variation for Celtra 
Press using Easyshade and spectrophotometer are displayed in Table 113, Figure 110 and 
Figure 111. Celtra Press glazed group show higher color change than the control group. 
This increased color change (ΔE*) was significant when measured with the 
spectrophotometer (Table 117, Figure 115) but not with Easyshade (Table 114, Figure 
112). Also, using both instruments, no significant difference in color change between 
polished and control groups was evident. Repeated firing cycles resulted in decreasing 
color change (Table 118, Figure 116). The highest color change was found to be after the 
first firing cycle, as measured with the Easyshade (Table 115, Figure 113). 
In no treatment and polished groups, the color change is significantly increased after 1st 
firing cycle, with no significant difference in color change between 3rd and 5th firing cycles 
as measured with Easyshade (Table 116, Figure 114).  
In contrast, there is no significant difference in color change between all firing cycles on 




Table 113: Means, and standard deviations of color change using Easyshade and a 
spectrophotometer for Celtra Press. 
















0 5 . . . . . . 
1 5 1.75 0.66 37.52 5.06 0.59 11.64 
3 5 2.35 0.76 32.22 2.61 0.48 18.53 
5 5 2.62 1.15 43.83 1.82 0.36 19.62 
Polished 
0 5 . . . . . . 
1 5 2.79 0.69 24.78 4.02 0.32 8.01 
3 5 1.77 0.53 29.95 3.23 0.50 15.44 
5 5 1.17 0.41 34.71 2.03 0.56 27.42 
Glazed 
0 5 . . . . . . 
1 5 3.00 1.31 43.71 5.22 1.15 22.13 
3 5 2.20 0.56 25.65 3.79 0.77 20.24 




Figure 110: Means of color change with surface treatments and firing cycles for 




Figure 111: Means of color change with surface treatments and firing cycles for 
Celtra Press using a spectrophotometer. 
 
Table 114: Mean of color change (ΔE*) for Celtra Press with different surface 
treatments using Easyshade. 
Surface treatment Sig.* Least Sq Mean 
Glaze A 5.218 
No treatment A 5.060 
Polished A 4.023 




Figure 112: Least Square Means Plot of color change (ΔE*) vs. surface treatments 
for Celtra Press using Easyshade. 
 
Table 115: Mean of color change (ΔE*) for Celtra Press with different firing cycles 
using Easyshade. 
Firing cycle Sig. Level* Least Sq Mean 
1 A  4.767 
3  B 3.207 
5  B 2.993 




Figure 113: Least Square Means Plot of color change (ΔE*) vs. firing cycles for 




Table 116: Multiple comparisons of color change (ΔE*) least squared means for 
surface treatments combined with firing cycles for Celtra Press using Easyshade. 
Surface treatment* Firing cycle Sig. Level* Least Sq Mean 
Glaze, 1 A   5.218 
Glaze, 5 A   5.125 
No treatment, 1 A   5.060 
Polished, 1 A B  4.023 
Glaze, 3 A B  3.786 
Polished, 3  B C 3.228 
No treatment, 3  B C 2.606 
Polished, 5   C 2.032 
No treatment, 5   C 1.821 





Figure 114: A graph representing color change of different firing cycles vs. surface 
treatments for Celtra Press using Easyshade. 
 
Table 117: Mean of color change (ΔE*) for Celtra Press with different surface 
treatments using a spectrophotometer. 
Surface treatment Sig. Level* Least Sq Mean 
Glaze A  3.000 
Polished A B 2.786 
No treatment  B 1.752 




Figure 115: Least Square Means Plot of color change (ΔE*) vs. surface treatments 
for Celtra Press using a spectrophotometer. 
 
Table 118: Mean of color change (ΔE*) for Celtra Press with different firing cycles 
using a spectrophotometer. 
Firing cycle Sig.* Least Sq Mean 
1 A 2.513 
3 A 2.106 
5 A 1.884 




Figure 116: Least Square Means Plot of color change (ΔE*) vs. firing cycles for 




Table 119: Multiple comparisons of color change (ΔE*) least squared means of 
surface treatments combined with firing cycles for Celtra Press using a 
spectrophotometer. 
Surface treatment* Firing cycle Sig. Level* Least Sq Mean 
Glaze, 1 A  3.000 
Polished, 1 A B 2.786 
No treatment, 5 A B 2.621 
No treatment, 3 A B 2.352 
Glaze, 3 A B 2.201 
Glaze, 5 A B 1.864 
Polished, 3 A B 1.765 
No treatment, 1 A B 1.752 
Polished, 5  B 1.167 




Figure 117: A graph representing color change of different firing cycles vs. surface 
treatments for Celtra Press using a spectrophotometer. 
 
 
Shades with different surface treatments and firing cycles using VITA Easyshade Classic 
and 3D Master systems for Celtra Duo are displayed in Table 120. 
Chi Square statistical analysis of shades showed that, there is a significant difference in 
specimens shade after repeated firing cycles using classic and 3D Master systems, with 
Pearson test p-value <.0001. Surface treatments showed a significant shade change when 
using the 3D Master (p =0.0006); however, this change was not significant when using 
classic shade (p =0.125). The shade changed after repeated firing cycles and glazing surface 
treatment from 2M2 to 1M1; where the color became lighter, the chroma is less saturated, 
without changes in the hue. 
203 






0 Firing One Firing Three Firings Five  Firings 
VITA Shade VITA Shade VITA Shade VITA Shade 






1 A2 2M2 A1 2M2 B2 2M2 A2 2M2 
2 A2 2M2 A1 2M2 A2 2M2 A2 2M2 
3 A2 2M1 A1 2M1 B2 2M2 A2 2M2 
4 A2 2M2 A1 2M2 B2 2M2 A2 2M2 
5 B2 2M2 A1 2M1 A2 2M2 B1 2M2 
Polished 
1 A2 2M2 A1   2M2 B2 2M2 A2 2M2 
2 A2 2M2 A1  2M2 B2 2M2 A2 2M2 
3 A2 2M2 A1  2M2 B2 2M2 A2 2M2 
4 A2 2M2 B2 2M2 A2 2M2 A2 2M2 
5 A2 2M2 B2 2M2 A2 2M2 A2 2M2 
Glazed 
1 A2 2M2 A1 2M2 A2 2M2 A1 1M1 
2 A2 2M2 A1 2M2 A1 1M1 A1 1M1 
3 A2 2M2 A1 2M1 A1 2M2 A1 1M1 
4 A2 2M2 A1 2M2 B2 2M2 A1 2M2 








SEM images of Celtra Duo after one and five firing cycles showed spherical crystals, and 
crystals that have, what appears to be, a small rectangular prism shape. Smaller particles 
were dispersed between crystals. The average crystals size for Celtra Duo without firing is 
0.56 ± 0.10 μm, and the average number per square meter is 1.09. After firing the material 
for the 5th time, the crystals became generally smaller in size and doubled in the number 
of 0.48 ± 0.11 μm and 2.22 per sq. meter, respectively (Figure 118, Figure 119). 
 
 
Figure 118: SEM image showing the crystalline phases of Celtra Duo control (no 




Figure 119: SEM image showing the crystalline phases of Celtra Duo control (no 






Figure 120: SEM image showing the crystalline phases of Celtra Duo, (left) sample 
after static biaxial flexural strength. (right) sample of biaxial flexural strength test 




IPS e.max CAD 
 
SEM images of IPS e.max CAD after crystallization and after five firing cycles showed 
homogenous and interlocked rectangular-prism-shaped crystals, with no small particles 
between crystals. Slight increase in crystals’ size and number were shown after firing the 
material for the 5th time with an average size of 0.45 ± 0.3μm and 2.87 crystals per sq. 
meter (Figure 121, Figure 122). 
 
 
Figure 121: SEM image showing the crystalline phases of IPS e.max CAD control 
(no surface treatment) after crystallization firing cycle (X20.0k) 
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Figure 122: SEM image showing the crystalline phases of IPS e.max CAD control 
(no surface treatment) after 5 firing cycles (X20.0k) 
 
IPS e.max Press 
 
Figure 123 and Figure 124 show the microstructures of the glass-ceramics: after press 
firing and after 5 firing cycles. The IPS e.max Press specimens after press firing exhibit 
typically rod-shaped crystals. The crystals have an average length of 1.31 ± 0.48μm with 
an average size of about 0.82 ± 0.25μm, forming an interlocking microstructure (Figure 
123). After firing the material for the 5th time, the length of the crystals increased to 2.20 
± 0.58μm with an average size of about 1.3 ± 0.29μm and more in number, 0.55 per sq. 
meter. The crystals formed again an interlocking arrangement (Figure 124). 
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Figure 123: SEM image showing the crystalline phases of IPS e.max Press control 












Figure 124:  SEM image showing the crystalline phases of IPS e.max Press control 
(no surface treatment) after 5 firing cycles (X20.0k) 
5.00 μm  x20.0k             12/23/2019 




The microstructure was observed for the Celtra Press after press firing. Lath-like (long, 
thin and narrow) crystals of regular and irregular shapes are randomly aligned and 
embedded in the glass matrix. The crystal length was about 0.36 ± 0.09μm with an average 
size of about 0.24 ± 0.05μm and 7.28 number per sq. meter (Figure 125) After the 5th firing 
cycle, the size of the crystals showed a large increase along one axis. The length changed 
to 0.64 ± 0.24μm with an increase in the average size of about 0.41 ± 0.13 μm and decrease 
in number per sq. meter to 3.81. The crystals changed their morphology into a monolithic 
belt-like shape and formed an interlocking microstructure (Figure 126). 
 
 
Figure 125: SEM image showing the crystalline phases of Celtra Press control (no 




Figure 126: SEM image showing the crystalline phases of Celtra Press control (no 
surface treatment) after 5 firing cycles (X20.0k) 
 
   
Figure 127: SEM image showing the crystalline phases of Celtra Press (left) ingot 
sample, (middle) sample after press firing, (right) sample after 5th firing cycle 
(X5.0k) 
  
2.00 μm  x20.0k             12/23/2019 
10 μm  X10.0k             12/23/2019 
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CHAPTER 4: DISCUSSION 
 
The aim of this study was to evaluate the mechanical and optical properties of different 
glass ceramics with various finishing procedures. Color change and contrast ratio was also 
evaluated after multiple firing cycles, as it is common to fire a ceramic repetitively, for 
example, when adding veneering layers or adding different stains on the restoration 
surface. 
Flexural strength is one property to help guide material selection for restorations.74 
Microstructure, surface cracks, and porosity are important factors affecting the flexural 
strength and clinical longevity of all-ceramic materials.75 Generally, glazing surface 
treatment reduces porosity, reduces the depth and sharpness of surface flaws, and blunts 
the flaw. Also, the elevated temperature during glaze firing cycles leads to crack bridging 
by viscous flow of glass content.76 Previous studies reported that glazing increases the 
overall mechanical strength of all-ceramic restorations, and the results in this study agree 
with these findings.75,77 Glazing of the polished surface, and firing specimens increased the 
biaxial flexural strength significantly in comparison to polishing or no surface treatment. 
When data were pooled by material, statistically different biaxial flexural strength values 
were obtained for each material. Statistical analysis showed that IPS e.max CAD had the 
highest biaxial flexural strength, followed by IPS e.max Press, then Celtra Press, and Celtra 
Duo showed the lowest. Belli et al.78 discussed the flexural strength of different CAD/CAM 
materials and found that e.max CAD was higher than zirconia-reinforced lithium silicate 
ceramics.78 This finding might be attributed to e.max high crystalline content and its 
homogeneity.  
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Conversely, Elsaka et al.79 compared the mechanical properties of two types of CAD/CAM 
glass-ceramics Vita Suprinity; zirconia reinforced lithium silicate and IPS e.max CAD 
lithium disilicate and reported that, zirconia reinforced lithium silicate ceramics show 
higher flexural strength compared to lithium disilicate ceramics.79 These conflicting reports 
may be attributed to a different type of material used, as Vita Suprinity is processed 
differently than Celtra Duo; Suprinity needs to be crystallized while Celtra Duo is pre-
crystallized. Another possible explanation for this finding, is the different test methodology 
used for evaluation. In the present study, biaxial flexural strength was performed using a 
disc shape specimen. The flexural strength results that were reported by Elsaka et al.79 were 
performed with bar shape specimens tested in a three-point bending fixture. Moreover, the 
lower flexural strength values recorded for Celtra Press and Celtra Duo are in agreement 
with the results of Apel et al.80 According to these authors, the addition of zirconium 
dioxide (ZrO2) in the glass matrix does not enhance the flexural strength. However, the 
high ZrO2 content in the glass ceramics results in increasing the viscosity and is associated 
with a reduction in the crystal growth.80  In the present study, heating of IPS e.max Press 
and Celtra Press ingots to the pressing temperature for specimen’s preparation was 
performed. This method is less complex than the actual pressing procedure, better 
controlling of the disc shape, size, thickness and uniformity of the tested specimens. 
Despite the technique used in this study, the results are in agreement with a study by 
Hallmann et al.81 He evaluated the biaxial flexural strength of IPS e.max Press and Celtra 
Press after using the lost wax method for the specimen’s preparation. IPS e.max Press show 
higher biaxial flexural strength than Celtra press81, which agrees with our findings.  
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Also, the microstructures in the SEM images of the ingot, after press firing, and subsequent 
firings are similar to what was displayed in the manufactures manual72,68 and in another 
study.81 For example, Celtra Press ingot specimens shows lath-like (long, thin and narrow) 
crystals of regular and irregular shapes. After hot-pressing, the crystals size showed a large 
increase along one axis, and the length also increased. The crystals changed their 
morphology into a monolithic belt-like shape, and formed an interlocking microstructure81 
(Figure 127). The crystallization continued with subsequent heat treatments and the length 
of the crystals further increased. 
Contrary to expectations, this study did not find a significant difference between static 
biaxial flexural strength compared to biaxial flexural strength after 100,000 cyclic fatigue 
of e.max press and Celtra Press. Flexural strength further increased in e.max CAD and 
Celtra Duo after cyclic fatigue. A possible explanation for these results could be due to the 
brittleness nature of glass ceramics, with little or no plastic deformation, once there is a 
flaw, it will fracture. This explanation could be further confirmed by the fracture of some 
specimens of Celta Duo under the same conditions. Therefore, survived specimens had 
similar or even higher biaxial flexural strength readings. Another explanation could be due 
to mechanical fatigue and increased temperature that induced more crystallization, with an 
increase in crystallinity, as can be seen in SEM images (Figure 120). However, further 
investigations should be carried out to prove this explanation. In the present study, for all-
ceramic types, the smoothest surfaces are obtained after glazing, which is in line with 
previous observations.82 However, another study by Gönülol et al.83 indicated that 
polishing of lithium disilicate with adjustment kit and auto-glazing methods, revealed 
similar surface roughness values 1.82 and 1.45, respectively.  
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These results are likely to be related to the use of a different type of polishing kit, and no 
prior polishing of the glazed group, which resulted in overall higher Ra values.84  
Celtra Duo showed surface roughness higher than the ones found for lithium disilicate 
glass-ceramic, which is similar to what reported by Matzinger et al,85 1.94 μm for Celtra 
Duo and 1.50 μm for IPS e.max CAD as milled. This discrepancy could be attributed to 
the differences in the grain size of both materials.86 
The hardness of a material is a relative measure of the resistance to external indentation or 
penetration force. It is a predictor of the wear resistance of a material and its antagonist. 87 
Consequently, the lower hardness values of Celtra Press followed by e.max Press and 
e.max CAD are considered an advantage by protecting the opposing teeth from excessive 
wear. The higher microhardness values of Celtra Duo could be due to its chemical 
composition. Heat treatment had no effect on the microhardness of lithium disilicate 
ceramics, as reported in a previous study.87 However, in our study, an increase in 
microhardness of IPS e.max CAD and Celtra Press after firing the materials for the 5th time, 
this could be due to the increase in crystal size after heat treatment. 
According to Johnston 88, there are currently no guidelines in choosing the best method for 
measuring the translucency of dental materials. Contrast ratio (CR) and Translucency 
parameter (TP) are both been accepted and used in the literature.89  
In this study, the translucency was measured with contrast ratio (CR) using a 
spectrophotometer. A spectrophotometer is a reliable device that has been used extensively 
in previous studies to measure the translucency of dental materials.  
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The translucency of dental materials depends on many factors such as thickness, 
crystalline/glass phases, the difference in the refractive index between these phases, light 
scattering from the surface, grain size, and porosity. It has been established in the literature 
that the translucency of a material has an inverse relationship with its thickness.34,36,90 
 In this study, all specimens were fabricated at the same thickness of 2 mm. Restorations 
with a translucency that is matching the adjacent teeth, are required for having a natural-
looking restoration. However, it is not always desirable in clinical situations, where 
discolored cores need to be covered with a material that has lower translucency and higher 
masking ability.91 The results of this study showed that, with repeated firing cycles, 
contrast ratio in IPS e.max CAD ceramics increased, while additional firing cycles applied 
to samples of Celtra Duo and Celtra Press with the same thickness showed a decrease in 
CR, and e.max Press showed no changes in translucency.  
It seems possible that these results are due to the differences in grain size and crystalline 
structure. After heat treatment, the crystals in Celtra Duo and Celtra Press have a mean 
grain size of 0.48 ± 0.11μm and 0.41 ± 0.13 μm respectively, which has been reported to 
be 4 times smaller than lithium disilicate crystallites in lithium disilicate ceramic.24 
The SEM images confirm the microstructural differences in grain size and morphology 
(Figure 119, Figure 122, Figure 124, Figure 126).  
Also, the smaller particle sizes could explain the higher translucency, because particles 




 Additionally, smaller silicate crystals in the lithium silicate glassy matrix of Celtra Duo 
and Celtra Press result in high glass content, which resulted in higher translucency.24 In 
contrast, IPS emax CAD, which consists of needle shape interlocked lithium disilicate 
structure with around 70% by volume. 24 
To assess if any difference in color was caused by the repeated firing cycles, ΔE* was 
calculated between the control specimen and after 1, 3 and 5 firing cycles. After firing IPS 
e.max CAD for the 5th time, an increase in the color change was noted; conversely, Celtra 
Duo and Emax Press showed no significant increase in color change with repeated firings. 
When Celtra Press fired for the 1st time, higher color change was noted than after the 3rd 
and the 5th firing cycles. Matsuoka, and Buchner et al. discussed the change in the refractive 
index (RI) of the glass with higher temperature.93,94 Celtra Duo’s holding temperature in 
the 1st heat treatment was 820°C , however; in the 2nd heat treatment and afterward, was 
lowered to 770°C , and for e.max Press the holding temperature is 710°C, according to the 
manufacturer’s instructions. In contrast, e.max CAD holding temperature (840°C), was not 
changed. This change in the RI might have been the reason behind the color changes of 
e.max after repeated firings, and no changes were detected in Celtra Duo and e.max Press. 
The effect of heat treatments on the optical properties of Celtra Press could be explained 
with the apparent increase of the crystal size, the orientation of the crystals, and the change 





The question still remains: how much of this color change is actually perceptible by the 
human eye. According to Ishikawa- Nagai et al., the observer perceives color difference 
very subjectively, which results in an unpredictable color matching and evaluation among 
clinicians.41,42 One third of the studies refer the threshold of perceptibility as ΔE*ab =3.7 at 
which 50% color difference observers’ acceptability.58 
  
219 
Clinical relevance:  
 
Shade matching to natural dentition or restorations is an essential step for dentists, which 
leads to optimum esthetic restorations. It is also important to consider material limitations 
in terms of color stability during frequent adjustments, which involves exposing ceramic 
material to multiple firing cycles. Material selection is case dependent, and it is a very 
critical step in treatment planning to ensure a predictable outcome. Polishing and glazing 
restorations provide a smooth surface, less wear to the opposing restoration, and greater 
strength; however, care should be taking as glazing and firing could affect the color 
matching. Practitioners and researchers should be aware that different measuring 
instruments used to evaluate CIE L*a*b* may represent different levels of interpretation, 
especially when it comes to perceptibility and clinical acceptability thresholds. 
 
The limitations of this study: 
 
1- The pressing technique and furnace used this study, without pressing pressure, for 
e.max Press and Celtra Press could affect the results. 
2- Only one polishing technique was applied. 
3- The experiment was in-vitro with disk-shaped specimens that replicated neither 
the geometry of artificial crowns nor the environment of the oral cavity. 
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Future research recommendations: 
 
1-To investigate and identify crystals morphology alteration of glass ceramic materials 
after multiple firing cycles by X-ray Diffraction (XRD) analytic tool, which will provide 
more information and better understanding at the microstructural level.  
2- To assess the effect of thermocycling or staining solutions on the optical and mechanical 
properties of glass ceramics. 
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CHAPTER 5: CONCLUSION 
 
Within the limitations of this study and based on its findings, the following conclusions 
were drawn: 
1- Biaxial flexural strength significantly increased with glazing in all materials tested. 
The first null hypothesis was rejected. 
2- IPS e.max CAD had the highest flexural strength followed by IPS e.max Press, 
Celtra Press, and Celtra Duo had the lowest (p<0.05). 
3- Cyclic fatigue had no significant effect on the biaxial flexural strength of e.max 
Press and Celtra Press. However, there was a significant increase in biaxial flexural 
strength of IPS e.max CAD and Celtra Duo after cyclic fatigue. 
4- Celtra Duo had the highest surface roughness and was significantly different from 
IPS e.max CAD. There was no significant difference in surface roughness between 
Celtra Press and IPS e.max Press. 
5- Surface treatment had a significant effect on surface roughness; glazing 
significantly reduces the surface roughness of all materials. 
6- There was a significant difference in microhardness in all materials tested. Celtra 
Duo had the highest, and Celtra Press had the lowest. 
7- There was a significant increase in microhardness after five firing cycles of IPS 
e.max CAD and Celtra Press but not of Celtra Duo and e.max Press. 
8- There was a significant increase in the contrast ratio of lithium disilicate glass-
ceramic (IPS e.max® CAD) with repeated firing cycles. 
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9- There was a significant decrease in the contrast ratio of a zirconia reinforced lithium 
silicate glass-ceramic (Celtra Duo and Celtra Press) with repeated firing cycles. 
10- There was no significant change in the contrast ratio of lithium disilicate glass-
ceramic (IPS e.max Press) with repeated firing cycles. 
11- Surface treatment did not significantly affect the contrast ratio of all materials. The 
null hypothesis was accepted. 
12- Repeated firing cycles had a significant effect in color change relative to the control 
of all materials except Celtra Duo. 
13- Surface treatment had a significant effect on color change relative to the control of 
all materials except Celtra Duo. 
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